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INSTRUMENTATION
A PRACTICAL APPLICATION OF ACCELERGMETER CALiBRATiONS

R. R. Bouche
Endevco
dynanic Instrument Dlvision
Pasadena, California

Recent advances in caiibration techniques and instrumentation now make it possibie
to perform complete calibrations on accelerometers. High frequency shakers which
are virtually free of distortion and transverse motion are used to perform cali-
brations depicting the true performance of accelerometers. A recently published
standard Is wmost useful as a guldelIne In performing callbrations. This standard
describes which calibrations need to be performed and how to use the results.

The sensitlivity, frequency response, and resononce frequency are the most impor-
tant callbratlons.

The sensitivity callbratlion Is performed at 100 Hz on accelerometers _intended for
ordinary use in shock and vibration measuremunts. However, it is also importamt
to obtaln a contlnuous plot of frequency response and resonance fregucncies to

detect any undesirable characteristics and unwanted resonances in the accelerom=

problems are encountered In thelr use.

eter. Good performance Is indlcated by a callbratlon which demonstrates that the
accelerometer operates as a single-degree-of -freedom mechanicai system. Some
accelerometers have Irreqular frequency response characteristlcs and possess
several resonances. By performing these calibrations the accelerometers with
marginal performance are detected and judgments can be made regarding possible
effects when making shock and vibration measurements.

Another use of resonance frequency caiibrations is to detect damaged accelerom-
eters. It Is practical to cull out these accelerometers before any serious

INTRODUCT iON

The recently published American Na*ional
Standacrd for the Selection of Calibratlions and
Tests for Electrical Transducers Used for Meas-
uring Shock and Vibration, $2.11-1969 {1], is
useful for determining which calibrations to
perform and kow to put calibration resuits to
practical use. Many of the caiibrations and
tests specified in 52.11-i969 are used to
verify the performance characteristics of
accelerometers. Some of these caiibrations and
tests are performed at the time of design and
manufacture and need not be repeated thereafter.
Other calibrations shouid be performed at time
Intervals ranging from three months to one
year, depending upon usage. These important
calibrations include sensitivity, frequency
response, and resonance frequency. The sensi-
tivity caiibration must be performed in order
to use the acceierometer accurateiy. The fre-
quency response caiibration is usefui for
detecting unusuai performance characteristics
and the resonance frequency caiibration is the
most accurate means for determining the oper-
ating condition of acceierometers.

SENSITIVITY AND FREQUENCY RESPRISE

Primary accelerometer standards previously
calibrated by the reciprocity method and
recently deveioped shakers are required for
performing accurate sensitivity and frequency
response caiibrations routinreiy. With these
instruments it is practicai to detect unusuai
performance characteristics. The use of
inferior acceierometer standards and shakers
makes it difficult to determine whether unusual
results are a characteristic of the acceierom-
eter or are errors caused by the instruments on
which the caiibration is being performed.

Accelerometer Standard

in order to estabiish the performance

characteristics of acceierometer standards, it
is necessary to perform the caiibrations and
tests iisted in $2.i1-i969. These calibrations
and tests determine that the standard will per-
form accurateiy under aii conditions of use.
The periormance characteristics of an acceier-
ometer standard now in use in many faboratories
are fisted in Tabie i. This standard is used



TABLE |

SHCCK AND VIBRATION STANDARD ENOEVCO® MODEL 2270

—
Performance Characteristic Specification
Sensitivity Error $0.5 per cent
Sensitivity Stability at 100 Hz $0.5 per cent/year
Mass Effect on Sensitivity at 100 Hz $0.2 per cent/i00 grams

Frequency Response and Relative Motion
Sensitivity Change, 5 Hz - 5000 Hz

with up to 100 grams attached mass =2 per cent¥
Sensitivity Change, 5 Hz - 10,000 Hz
with up to S0 grams attached mass +h per centk
Amplitude Linearity Sensitivity Change +0.1 per cent/1000 g
Transverse Sensitivity Ratio +3 per cent
Temperature Response Charge Sensitivity £0.5 per cent/10° €
Strain Sensitivity 0.001 g/u 1n/in

*Estimated maximum error of correction made from curves showing nominal response Is
%] per cent.

for both shock motion and vibratlon callbra~
tions. It Is necessary for an accelerometer
standard to have fow strain sensitivity and
certain other characteristics In order to per-
form accurate callbrations cn the standard and
demons trate that the sensitivity of the stand-
ard vemains unchanged for long perlods of time
{2]. These high quality standards are cali-
brated by the reciprocity method. This abso-
Tute calibration method has a unique advantage
in establishing the sensitivity of the standard
with an error not exceeding 0.5 per cent.
First of all the standard must possess good
performance characteristics to make small
errors achievabie and the reciprocity method
must be used to obtain small errors. Conse-
quently, the use of the reciprocity method
helps to estabiish that the standard possesses
good performance characteristics and, there-
fore, can be used to accurately callbrate other
accelerometers.

Sensitivity Calibrations

The sensitivity calibration of most accel~-
erometers is usually performed at 100 Hz. This
calibration is very important because it is
impossible to use an accelerometer accurately
without it. The sensitivity caiibration is
performed routinely at periodic intervals as
specified in §2.i1-1969. The caiibration
resuit is used to determine the required gain
setting on accessory amplifiers and to compute

the accelerations being measured during test Fig. 1 - High frequency shaker and instrumen-
applications. The sensitivity calibration tation used for automatically plotting
basicaily serves this sole purpose. it is not the frequency response and resonance
very useful for determining other characteris- frequencies of accelerometers

tics or the operating condition of acceferometers.
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Shaker Requirements

Almost any snaker can be used to perform
sccurate sensitivity callbrations on most
accelerometers ar a single frequency. However,
It Is important to perform a frequency response
callbration throughout the range of Intended
use. Accurate frequency response callbrations
can only be performed on shakers having low
acceleration distortlon, and little transverse
motlon, Flg- I. (f the shaker used does not
have these characteristics, It |s necessary to
previously determine the frequencies of exces-
sive distortion and transverse motions and
avold these frequencies durlng the caiibration.
Since inproved shakers have been developed
(3, 4], 1t is good practice to avoid the use of
other shakers. The use of good shakers 1s
necessary to determine the true performance of
accelerometers such as detecting abnormal | ties
in frequency response.

Frequency Response: Cal ibrations

Frequency response cal Ibrations serve two
useful purposes. One Is to estabiish the
operating frequency range. The second and per-
haps more Important practical use of frequency
response cal ibration Is to determine that the
accelerometer is free from sbnormal response.
Does the acceierometer have erratic response
at any frequency within the operating range?
This question Is answered through the use of
calibration shakers having the above mentijcned
characteristics. Normally, the fregquency
response of accelerometers is as shown in Fig.
2. Most of the acceierometers calibrated have
the characteristlc of no minor resonances and
increasing sensitivity at the hligh frequencies.
However, there are a number of acceierometers
which have responses simliar to those given in
Flg. 3. The irregular response in Flg. 3(a) is
due to the performance characteristics of this
particular acceierometer. The minor resonance
at 7300 Hz may be due to a resonance in the
acceierometer case. Another accelerometer,
Flg. 3(b), has a minor resonance with unusualiy
high sensitivity between 8000 Hz and 9400 Hz.
Fig. 3(c) shows an erratic frequency response
vhich sometimes occurs in accelerometers having
very small size. The frequency response of an
accel erometer having damaged mounting threads
Is shown In Fig. 3(d). These resuits are
extreme examples of certain accelerometers.

It Is important to know that the frequency
response is normal throughout most, if not all,
of the operating frequency range. The presence
of large sensitivity changes in narrow frequency
Bir ds might be overlooked or mistakenly attri=
buted to shaker characteristics if the calibra-
tion is performed on shakers having excessive
transverse motion or acceieration distortion.
it is also important to use standards having
low relative motion [5] in order to be sure
that unusual response at the higher frequencies
Is due to the accelerometer rather than being
caused by excessive calibration error. In some
test applications it may be Important to avoid

SENSITIVITY CEVIATION PERCINT
-
L

Flg. 2 - Frequency response callbration per-
formed on an accelerometer having the
characteristics of a singie-degree-
of -f reedom mechanicai system with no
mlnor resonances

the use of accelerometers having pocr fiiquency
response such as those given in Fig. 3. it is
easy to cull out these acceierometers when per-
forming routine frequency response calibrations.
Abnormai frequency response in accelerometers
may be due to internai damage, internai iead
wire resonances, connector resonances, accel-
erometer case )esonances, cabie effects, etc.

-RESONANCE FREGUENCY CAL iBRAT 1ONS

Al though sensitivity and freguency response
callbrations are required for the accurate use
of acceierometers, the piot of resonance fre-
quencies is a very important and definitive
calibration. The resonance fregquency cailbra-
tion is the oniy method for evaluating the
basic performance characteristic of accelerom-
eters and their operating condition. The
resonance frequency calibration determines
whether or not the accelerometer operates as a
single-degree-of ~freedom mechanical system.
Perhaps even more important is its use for
detecting internal damage. in order to per=-
form rescnance frequency calibrations it is
necessary to use a high frequency shaker, Fig.
1, in which the resonance frequencies "1, 3] of
the shaker moving element exceeds the resonance
frequencies of the acceierometers being cali-
brated. The resonance frequency of most accel-
erometers is Jess than 50.000 Hz. However,
some accelerometers used for shock measurements
have their resonance frequency above 100,000 Hz.
Even with these accelerometers it is useful to
perform resonance frequency caiibrations up to
50,000 Hz to detect any unusual performance
characteristics at fower frequencies.

Ideai Acceiercmeters

Marny accelerometers now being used operate
as the ideal accelerometer shown in Fig. 4. |t
has a singie resonance and few., if any, minor
rescnances. This ifdeal resporse is very similar
to the theoretical response given in ANS| Stand-
are 52.2-1959 [6). It is good practice for the




user to perform resonance frequency callbrations
o acceierometers to establish thelr perform-
ance characteristics and to vetect any changes
in future years. This practice shald be foi-
l-wed on accelerometers used for important and
accurate measurenents. The resonance fregquency
cal ibration should be repeated vhen there is
evidence that the accelerometer was subjected
to severe environments or rouch handl Ing.

Al though there may be no external indications,
internal damage may occur.

Anotiter reason for performlng resonance
frequency caiibration Is to determine if the
response is iike the ideal accelerometer. The
use of accelerometers having a single resonance,
Fig. 4, may be preferred for some appllications
vhere high accuracy and reliability ‘re required.
On the other hand acceleroxeters having multl-
ple resonances, Fig. 5, are quite sultable for
most applications and are used because of other
desirable characterlstics such as special slze
and shape.
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Damaged Acceleromster

Although It is difflcult to danzge many
plezoelectric accelerometers, the design of
some accelarometers makes thom vulnerable to
extremely high shock motions. it Is possible
to apply high shock motions above the rated
environmental limlt by rough handling. Reso-
nance frecuwency callbration Is the most
accurate eethod for determining accelerometer
damage. Flg. 6(a) and 6(b) show the resonance
frequency callbrations before and after an
accelerameter uas subjected to excessive shock
motion. The resonance frequency of the accel-
erometer is decreased from 32,000 Hz to 29,500
Hiz and a minor resonance is present at 9000 Hz,
Fig. 6(b). The decrease in resonance frequency
Is a definite indication of Internal damage.
it Is Interesting to note that thls Is the same
accelerometer used durlng the frequency response
cctlibration in Fig. 3(b). On the basls of the
frequency response callbratiun alone the minor
resonance at 9000 Hz may have been overlooked
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Fig. 3 ~ Frequency response calibrations performed on accelzrometers having unusual characteristics
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Fig. 4 - Typica) resonance frequency calibra-
tion indicates performance charac-
teristics of an Ideal accelerometer.

Phase angie calibration provides
supplemental data at resonance
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F1g. 5 - Calibration of an acceierometer having
several resonances
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Fig. 6 - Calibrations performed on an acceler-
ometer show a resonance frequency of
(a) 32,000 Hz before damage and (b)
29,500 Hz after damage

because the response is acceptable at iower
frequencies. However, the resonance freguency
calibration in Flg. 6(b) establishes the fact
that the acceierometer is damaged and probably
should not be used in important tests.

It is becoming routine to perform reso-
nance frequency calibrations as supplemental
information during shock motion calibrations
to detect any changes in the operating charac-
teristics of the acceierometers. In most
accelerometers no malfunction is detected. An
exception to this is the acceierometer shown
in Fig. 7. The resuit of the shock motion
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Flg. 7 -~ Calibrations performed on a damaged
accelerometer show (a) normal response
during 1000 g shock motion callbration
and (b) unusually low resonance fre-
quency which indlcates the accelerom-
eter has intevnal damage

calibration, Fig. 7(a), is perfectly normal.

No unusual response is present in the oscillo-
gram and the shock motion sensitivity agreed
precisely with the sinusoidal calibration.
However, the routine resonance frequency cali-
bration, Fig. 7(b), shows multiple resonances
and a resonance frequency of 28,500 Hz. The
nominal resonance frequency of this accelerom-
eter is 35,000 Hz. The low resonance frequency

2gain is a definite indication of internal
que'

Failures in damaged accelerameters include
such things as cracked piezoelectric elements
and epoxy joints, piastic deformation in screws,
defaced acceierometer mounting surface, deformed
acceierometer case, etc-

Minor Resonances

Minor resonances detected during the fre-
quency response caiibration are the resuit of
rescnances in iead wires, acceierometer cases,
etc. These resonances in some acceierometers
occur at frequencles above i0,000 Hz which is
the upper iimit of most frequency response
caiibrations. The acceierometer in Flg. 8(a)
has a minor resonance at 37,000 Hz. it is
known that this is a minor resonance because
the phase angle changes abruptiy to i00 Jdegrees
at the resonance and returns to zero degrees
above the resonance, and because the sensi-
tivity changes only 20 db. Although this accei-
erometer is usually used for shock motion
measurements, the presence of the minor reso-
nance shouid have fittle effect in many test
appiications. However, it is desirabie to be
aware of the iocai resonance during the selec-
tion of accelerometers particufarly in those
instances where very high frequency characteris-
tics are measured (7). The caiibration in Fig.
9 shows the response of a shock acceierometer
having nc ninor resonances up to 50,000 Hz.

Acceieromater Effects on Structures

It is desirabie to have resonance fre-
quency data on acceierometers when considering
the possiblie effects of the acceierometer on
the motion of the structure. Negiecting the
effects of rotary inertia, the motion of the
sturcture with the accelerometer attached is
given by the foilowing equation: [i]

Ay Mg
A S ——
Mg + My
where: A = amplitude of motlon of the
structure with acceierometer
attached

A, = amplitude of motlon wlthout
accelerometer attached

Mg = point dynamlc mass of the
structure at the accelerometer
mounting locatlon In the sensi-
tive direction of the acceler-
ometer

My = dynamic mass of the accelerom-
eter in its sensitive directlon

The dynamic mass of the accelerometer at
all frequencies below the lowest resonance is
equal to the total mass of the accelerometer
measured statically. However, it should be
expected that the dynamic mass of the accel-
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erometer changes significantly at minor reso-
nances particularly If the response has 2
rather large sensitivity change at the resc~
nance [8). The largest ckanges in dynamic
mass should occur at the accelerometer reso
nance frequency. it 1s usually difficult to
compute the change in response of the structure
as a result of resonances in the accelerometer-
However, a reasonable prediction of the effect
can be obtained through the use of the above
equation by knowing the resonance frequency of
the accelerometer and the characteristics of
the structure being tested.

Accelerometers With pamping

p resonance frequency calibration on a
piezoresistive accelerometer with oil damping
is shown in Flg. 10. puring manufacture the
damping is adjusted to approximately 0.7 of
critical damping in order to assure that com=
plex vibration and shock motions are measured
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Fig. 10 - Frequency response calibration on a
pieznresistive accelerometer using
internal damping to produce pro-
portionate phase response




accurately. in crder to avoid distortion In
the accelerameter output it is necessary for
the phase anyle to vary linearly with frequency
vhich is indicsted in Fig. i0 by taking into
account the use of the ifogarithmic frequency
scale. The wavel 'rm of the acceierometer out=-
put is identical to the waveform of the meas-
ured acceieration oniy when the phase angle
responsc has this characteristlc or is zero
degrees as in the case of undamped accelerom=
eters. The accelerometer is seiected so that
proporticnate phase response is malntalned at
ali significant frequency components of the
motion to be measured. This usually requires
that the proportionate phase response be main-
tained at frequencies up to about two=thirds

of the naturai frequency for damped accelerom-
eters. Damped acceierometers are preferred in
applications where it Is desirable to filter
out frequencies present near and above the
natural frequency or resonance frequency of the
accelerometer. However, if the damping changes
significantly for any reason, the output will
be distorted when the damping exceeds the .
range of about 0.5 to 0.85 of critlcal damping.
Large changes in Jamping can occur at tempera=
ture extremes due to viscosity changes in

oil damped accelerometers. it is important
that no large changes in damplng occur for
unknown reasons, Such as might be caused by
damage or air leaks. Resonance frequency
calibrations performed periodicaily shouid be
useful for detecting changes in damping by
comparing the response to that of an jdeal
accelerometer [61.

SUMMARY

With the introduction of new testing pro-
cedures using primary acceierometer standards
and high frequency shakers, routlne resonance
frequency calibrations are performed in addi-
tion to sensitivity and frequency response
calibrations. The sensitivity is obtained
merely to determine the calibration factor for
using the accelerometer in making shock and
vibration measurements. Tha frequency response
caiibration determines the operating frequency
range,and is useful for evaluating certain per-
formance characteristics.

The resonance frequency calibration is
used to determine how closely the accelerometer
operates as a single-degree=of ~freedom system.
It also identifies minor resonances which may
affect the accuracy whiie making shock and
vibration measurements at high frequencies. A
very important use of the resonance frequency
calibration is to detect changes in the accel-
erometer's operating condition and determine
whether or not the accelerometer has suffered
any internal dama ,e. Resonancs frcyuency
caiibrations should be used in laboratories
responsible for verifying the operating condi~
tion of measuring instruments.
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DISCUSSION

Mr, Schell (Shock aad Vibration Information
Center): 1 noticcd on a curve that the resonant fre-
quency had shifted from about 35 down to 28 KHz, ,
yet the calibration curve still looked prefty good,

Is thia still a useful acceicrometer or is it damaged
beyond use ?

Mr, Bouche: It is still a very useful acceler~
ometer, However, it is desirable to be aware of
this situation since once an accelerometer is dam-
aged. it can be further damaged more easily, It
might have, for exampie, cracked ceramics inside
the 1ccelerometer, If you are aware that you have a
damaged accelerometer, for important tests you
might set that one aside, However, as long as it is

tot damaged further it will operate just as indicated
by that response curve,

Mr. Peete (Naval Undersea it and D Center):
After first deicrmining the resonant {requency re-
sponse of a given accelerometer dynamically under
shock, does the effect of the swech rate when ap-
plying a vibratory input signal cause any variation
on the sensitivity when determining the resonant fre-
quency under vibration?

Mr, Bouche: I think that you are asking whether
the magnification factor might be affected by the
rate of sween when measuring the resonart fre-
quency. It is, Frequently, when going up to 10 or
15 KHz, we slow down the sweep speed as we ap-
proach resonance,
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DESIGWING AN IKSTRIMENTED TEST EGG FOR DETECTING IMPACT BREAKAGL

William L. Shupe
USDA, Agriculturel! Research Service, Transportation & Fecilities Research Div,
University of Cslifornig, liavia, California

and
Robert M. Lake
. formerly with
USDA, Agricultural Research Service, Transportation & Facilities Research Div.
University of California, Davis, Californis
preaent addresa
Mayo Clinic, Rochester, Minnesota

An electronic shock aensing device for detecting areas of egg breskasge occurring
in commercial grading ané packing equipment was designed, constructed, and
1aboratory tested. A small accelerometer and transmitter ayatem wms built into

a plastic eggz-shaped container. The aignal gemerated by the accelerometer

« ‘used by any sudden impact encountered wae recorded cn the screen of an oscillo-
# Jpe, The image was a aharp apike that vas readily meaaured, aa to severity,

o1 the screen's grid. The height from wvhich a normal egg can be dropped onto a
ha, ' surface without cracking was measured. Then the "spike” that appeared on the
osc.l1ngcope screen, when the test egg waa submitted to the same treatment, was
weas .&d and identified as the peak, at or beyond wkich a normsl egg will crack.
The test 2gg was then run through a component of a mechanized egg grading system
and the image of the impact signal on the oscilloscope screen was identified

ard photographed. Although difficulty was encountered in precise replication of
the image signals, the locsticn of pointa where varlous degrees of shock occurred
could be readily identified. The laboratory tests indicate thal this method is

a feasible one for detecting impacts invclving egg-against-egg or egg-againat-
equipment collisions that cause egg brea'wage In commercisl egg grading and packing
operations that employ high-speed meckarized equipment.

SUMMARY BACKGROUND

A miniaturized accelerometer and radio During 1368, the United States poultry

transmitter system tl.at senses shock (impact)
forces and transmit3 the information as an
electric sigral to an oscilloacope screen

was constructed and senled into & plastic
container having the shape and size of a hen
egg. The force range necessary to crack an
average egg was determined ty tests and
replicated with the instrunmented plastic egg.
The Intensity of the electric signal, plctured
as 8 splke-1like image on the oscilloscope, was
equated to the impact force necessary to cause
egg breakage. The test egg was then run
several times through a component of a commer-
cial egg grading and packing line., During
each pass through the machine, shock peaks
appearing on the oscilloscope screer. occurred
at identical intervals, validating previous
signals and identifying areas of mistreatment
by the machine to the egg. Test results
indizate that the miniature sensing device
will be useful in pinpointing machine design
feetures that caucre egg breakage.

industry produced approximately 5.8 billion
du2en hen eggs (1). Varlous mechanized
systems were used to grade and pack most of
these eggs and, in the process, a consider-
able number of egga were cracked or smashed.
Breakage was estimated to range from 3 per-
cent to 10 percent. Assuming that the
breakage betwesn the time of gsathering the
eggs and packaging averaged Y percent, the
loss to the poultry industry amounted to
approximately $34 million during 1568, The
$€34 million loss is based on a complete loss
of 28 million dozen smashed eggs valued at
30¢ per dozen and 260 million dozen checked
eggs decreased in value by 10¢ per dozen.
Although an undetermine.’ amcunt of this loss
was caused by poor shel:i quality, prellminary
studies show that much of the breakage was
causcd by machire handling, regardless of
shell condition.
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Pased on these findings, research was
inftiated to develop sensing «quipment
desivned teo neasure che shocks (impact forces
of egz-against-egy and egg-sgainst-equipment)
to witich an egg is sut jected during mechaniged
grading and packicg.

MATERIALS AND METHODS

A search of literature on the subject of
the telemetry svstems iound that Deboo amd
Frver lad developed a small biopotentfal
transnission svsteri (2) and Harrison had
developed a triaxial accelercmeter and trans-
miccer svstem (3), which, although too large
to fit in an egg-size packsge, appeared to be
similar co che reeds of this study, A minia-
cure impacc (acceleration) sensing and trans-
mitting device was cthen developed that could
accurately meagure shocks to which an egg
was subjected as it moved through mechanized
egg grading and packing equipment. An acrylic
plastic material was machined to simulate the
surface shape of a hen egg with a cavity
machined inside within which to mount the
accelervmeter and transmitler system.

During the development phases several
methods of assembly were tried. First, the
accelerometer was mounted in wax (inside s
polyvinylchloride (PVC) 2gg) (4) and wired
directly to an oscilloscope for indication
of voltage output from impact. Several
initial measurements were made with this type
of assembly., The next assdmbly and packaging
arrangement included a reed magnetic switch
(single pole, double-throw switch hermetically
sealed in glaaa) co permit turning off the
transmitter without disassembly. The wirirg
arrangement waa so designed that the switch,
upon reaching the proximity of a permanent
magnet, would open the circuic. The switch,
alchkough moCeratly successful, proved to bte
toc expensive and fragile. Next, plaster of
paris was molded inside the egg-shaped package,
then a space was hollowed out and the acceler-
ometer glued in place. All cf these typea
of assemblies were discarded because of the
difficulty in disassembly tor maintenance.

In the final effort, an acryvlic rod was
machined into the shape of an egg, shown in
Fig. 1. The top or large end of the acrylic
egg was cut off and threaded for easy removal,
The tranamicters were mounted (glued) on a
1/16 inch circular piece of sheet acrylic.

The accelerometer was glued into the lower
cavity with its leads coiled loosely. The
removable top permitted ready access to the
cavity within for installation of the trans-
mitter, removal of the batterv, or adjustment
of components. After all of the parts were
in place, the cap was screwed on and the
ingtrunented, waterprocf, egg-shaped shock
senscr package was ready for testing, shown in
Fig. 2,
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¥ig. 1 - Egg-shaped conta’ner with threaded
cap remcved to permit access to
miniaturized components

Fig. 2 = Instrumented egg-shaped package
next to a normal hen egg
(extra large size)

The shock meaaurement device used in the
inatrumented egg waa a miniaturized single
axis accelerometer. The technique selected
to measure impulsive shock was a piezo-
electric voltage generated when a crystal
such as quartz or barium titantate was dis-
torted by application of an external force.
The accelerometer contains a crystal and an
inert mass mounted on the crystal. Any motion
of the accelerometer causcs the crystal to
oppose the inertia of the mass. Thus, the
crystal distorts or bends, producing an
electrical signal. The signal can be related
directly to the distortion of the crystal and
the movement of the container in which it is
mounted., The accelerometer, though small,
proved extremely sensitive,




TRAMSMITTER DESICN

The characteristica of a piezo2lectric
accelerometer that made the design of a
reliable trangmitter difficult were the
extresely high output impedance and the very
low power output. These characteriatics
sade a conventional amplifier circuit useleas.

The design of the transmitter was
linited by the size of the package enclosing
it and by the available power supply. The
size limitation in turn limited the number
of components that could be used and the
pownr supply (the battery) limited the
maximu peak-to-pesk input voltage.

The transmitter, shown in Fig, 3, was
designed besically as an emitter-follower
preamplifier and a weltage-controlled
frequency modulator.

The transistors Ql and Q2 sade up the
preampl ifier and Q3 made up *he modulatsr
stare. The pover supply wes a mercury-cell
battery. The source of the signal wes the
piezoelectric accelerometer, described sbove,
with a sensitivity of 3 millivelta per g
(vherel g ig the acceleration of gravity =
32 ft./sec.“). The mmber and the availability
of micro-miniature components allowed Lhe
transmitter, including the battery, to be
packaged in a plastic matrix 0.5 in, x 0.5 in.
x 0.3 in.

The particular arrangement of transistors
Ql and Q2 in the preamplifier was in a super
alpha NPN/PXP pair (5) where sdvantages of
high input impedance and power amplification
were used,

R,

T Lev
Lcs ac.
TF‘

PREAMPLIFIER i

FREQUENCY MODULATOR

LEGEND
CAPACITORS  RESISTORS  TRANSISTORS
Ct— 680 pt RI-5.6M  QI—D-26E5GE
C2— 22t R2-18M Q2-NSC-6201
C3- 68 pt R3-3.7M Q3-D-26GIGE
Ca—10pf R4.-10 K
c5—-47pt R5-5.6M |
— THREE TURN
C6 —.068uf R6_27 K NO.-28 WIRE
R7-390n

Fig. 3 - Diagram of trausmitter circuit
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The frequency modulating (VM) stsge of
trangultter was a Colpicts oscillator tuned
to a carrlier frequency in the standard PM
brvadcast band. Thig carrier frequency was
modulated by applving a signal at che base
of transistor Q3. The maxi{mm power output
«f the unit was 5.4 millivatts under ideal
conditions for a transmission distance of
25 to 30 feet,

BREAKAGE TESTS

Upon completing the ccenstruction of the
instrumented egg-shaped package, drop tests
(impulsive shock) were conducted to determine
a range of values within which the shell of
a normal egg (weighing approximately as much
ss the instrumented package) would fracture.
A pendulum, with a cradle attached to the
free end for the support of an egg (or the
instrumented package), was susperded in front
of a scale graduated in 2° intervals of arc
to the left of a vertical line az shown in
Fig. 4.

Fig. 4 - Drop test equipment showing egg In
pendulum cradle touching Impact
block (A)

A steel impact block (in Fig. 4) was
fixed in place at the point where the shell
of a test egg would make contact when
reaching the bottom of the pendulum arc,
Thus, when an egg was placed in the cradle,
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dravn back and released, the angle at which
breskage occurred couid be determined.
Breskage (cracked shell) was detemmined by
the sound produced at impact and confirmed
by examination before a candling light.

When a cleur bell-like sound was noted, the
shell was asswmed to be unbroken. WUhen the
impact resultod in a dull "cluXk" sound, the
egg wvas assumed to be cracked.

An accurate measurement of the pendulum
length, showr in Fig. 5, and angle of drop wes
used to determine the height of wvertical drop.

X = {(1-cos @)

Fig. 5 = Relstionship of pendulum length (f),
angle (@), and vertical drop (X)

The first part of the test involved the
use of eggs (extra large size, grade A) that
had been carefully candled to exclude checks
and ghell sbnormalities,

A test of 90 eggs showed that variations
in the shell caused eggs to crack at various
levels of impact force, The range at which
breakage occurred was within a range of 8°
(equivalent to a drop of 0.2 inch) and 12°
(equivalent to a drop of 0,5 inch),
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The sscond part of the pendulum drop
test involved the use of the ingtrumemted
egg in lieu of hen eggs. The aignal produced
by the instrwmented egg at time of impact wea
transmitted tc & receiver. The redio
frequency of 98 mega-tlerts (€iz) was modulated
by the receiver to a wave form vhich vas
recorded directly on an oscilloscope screen
and photographed, shown in Fig. 6.

‘.
0123485678910
HUNDREDTH SECONCS

Pig. 6 - Typical shock curve from
oacilloscope calibration testa

From the oacilloscope record, the maxi-
mm amplitude of the signal waa assumed to
correapond to the point at which egga break,
However, precise replication of the wave form
was difficult, probably because of variations
in the point of impact as related to the
angle of the accelerometer axis.

A practical application of the test
involved the use of s mechanized egg conveyor,
as shown in Fig. 7, with a motor driven belt
vith arms to move the egg over a path which
had some dropa in it large enough to break
an egg.

The machine was started and the instru~
mented egg placed on the conveyor belt. As
the egg was moved along, a sharp spike
similar to that shown in Fig., 8 was noted on
the oscilloscopu screen.
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Fig. 7 - Laboratory mechanical egg conveyor

Fig. 8 ~ Photograph of three cscilloscope
traces (recording from the same
starting point in the equipment)
show replication of critical
shock peaks

By observing the position of the egg
and when the impact aignal was greatest
(peak on spike-like images), the critical
impact areas were easily detected. Replica-
tion showed similar traces with vertical peaks
coinciding with locations in equipuent where
a vertical drop of 1/2 iuch occurred.
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CONCLUSION

Placing a miniaturized accelerometer
and radic transaitter systen into an egg-size
package to detect breakage-causing situstions
in mechanized egg handling systems and
receiving snd recording the shock infommation
(the wave form) on 8 remote oscilloscope vas
proven to ve fedsible. However, there sre
equipment factors, such ss, transmitter design
and consistency in gignal replication that
require further study. 1t should also be
noted that detection was limited to impact-
type shock in one direction., Further, this
study limited test situations to shock
equivalents experienced by an egg striking
against nonresilient surfsces at a point
on ity small diameter. With this impact
detecting device, only limited breakage~
causing situations can be observed during
handling snd use of pracessing equipment.
Experimentation with and modification of the
test equipment is necesssry to detect impact
shocks caused by glsncing blows, impact
shocks involving resilient surfaces, and
impact shocks on the loag diameter of the
shell, Other techniques will have to be
developed for detecting breskage caused by
comnression (crushing) or expansion {th:ough

heating) that also contribute significantly
to egg breakage in wmechanized egg handling
systeus.
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DISCUSSION

Mr, Renius (Army Tank-Automotive Command):
Werce you able to locate any areas in your machine

handling that you werc able to improve as a result of

this test?

Mir, Shupe: We have not vet, We have not
gotten to that point, Wc have found three particular
areas that are problems,

Mr, itenius: You are still working on that?

Mr, Shupe: Most of the problems that we en-

counter are in the areas where the cgg is moved,
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Those are the points where they get the most rough
handlirg,

Mr, Lucbke (C and O Railroad): Could you use
similar techniques to develop vibration and shock
data on other food stuff being moved cither in trucks
or railroad cars?

Mr, Shupe: 1 would think this technique would
be applicable to transporiation and handiing of any
commodities, The problem is the transmission of
the signal, I am sure it can be deveioped if we used
integrated components and get parts that are small
cnough, It would be well within the range of possi-
bility.
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AN ACCLEROMETER DESIGN USING

"Jack G. Parks

PERROFLUID ULTRASONIC INTERFEROMETRY

U. S. Aimy Tank-Automotive Command

Warren, Michigan . ' -

£luid).

motion: of the ferrofluid.

are dlscussed.

An acceleronetet design is described which incorporates the

principles of ultrasonic interferometry and ferrcfluid dynammS7

| The chamber of a two trans@ucer ultrasonic interferométeér con-

. 5z1ns two immiscible liquidsy ‘one of the liquids being a £fluid
fch responds ‘to- a magnetic field gradient (i.e,, a ferro~

" The interferometer is operated at a constant frequenCy
. which is slightly different than the resonant frequency caused

- | by reflections from the liquid-liquid interface.

. ehamber disturbs the interface and thé consequent variation in

acoustical path length provides an output signal varxatxon.

'Dalpang is accomplished using a magnetic field to modify the

System variations due to ligquid

selection, magnetic field intensities, and operat;ng parameters

Motion of the

INTRODUCTION |

For several years research has
been conducted at the U. S. Army Tank-
Automotive Command Laboratories on
liquids using ultrasonic techniques.
In addition to this _effort, the appli-
catiOﬁ of ferromagnetxg fluids to
automotive purposes has recently been
initiated. These programs have con=-
tributed to the design of a sensitive
accelerometer which may have engi~
neering applications.

The present paper describes an
ultrasonic interferometer which con-
tains a ferrofluid and a secondary
inmiscible liquid as the intra-trans-
ducer medium. The response of the
system to mechanical vibration is
described as a function of physical
parameters and electronic conditions.

ULTRASONIC INTERFEROMETER

The standard ultrasonic inter-
ferometer concgists of a source of
longitudinal sound waves (nermally a
piezeolectric crystal) mounted at one
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end of a fluid column and a flat
metallic reflector at the other end.
By suitable use of electronic circuits,
one may observe the variation of cir-
cuit parameters as the standing wave
pattern within the chamber is altered.
This pattern is created by the inter-
action of the sound wave produced by
the transducer and the wave reflected
by the flat plate. Pattern changes
can be affected by either moving the
reflector along the principle axis of
the chamber or by varying the frequency
at which the transducer oscillates; in
both cases the ratio of p..tt length to
wave length in the fluid is changed.

The movable plate, single crystal
interferometer was first constructed
and analyzed by Pierce [l]. It was
used for the determination of velocity
and attenuation of sound waves in gases,
The application of this device to
liguids was accomplished by McMillan
and lLagemann [2]. Increased sensi=-
tivity, especially in the presonse of
fluids with largc absorption coeffi-
cients, can be obtained Ly replacing
the reflecting plate by a sccond

S5
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crystal, identizal to the transmitting.
crystal. Changes are then detected in
the circuit associated with the second’
transducer. The two-crystal inter-

ferometer was first analvzed by Fr;'[}.

FERROFLUIDS

A ferromagnetic fluid (or ferro-
fluid) is a colloidal suspension of
submicron-sized ferrite particles in a
carrier fluid such as kerosene, with a
dispersing agent added to prevent floz~
culation, When a magnetic field is
applied to such a fluid, a body force
is developed within it which is suf-
ficient to change radically its gross
behavior without altering its fluid
characteristics. It is thus utterly
unlike a magnetic clutch fluid, whose
particles chain tojether and solidify
under applied fields. :

By carefully arranging the con- = -

ditions under which a ferrofluid is
exposed to a magnetic field, such a .
fluid can have its internal pressure
augmented, its velocity increased, or
its free sur face elevated. These
phenomena. and others lead to a variety
of novel application, one of which is
presented in this paper.

Experiunce with ordinary colloids
teaches that particles that are suf=-
ficiently fine can be suspended indefi-
nitely in a ligquid even though the
particles specific gravity differs
greatly from that of the liquid. The
Medhaliism That nakes this }05:17;-1& is
Brownian motion. Should the particles
be magnetic; however, there is an
energy of attraction to be overcome if
they are not to flocculate and then
settle. Although calculations made on
colloidal phenoimena often suffer from
considerable uncertainty, it,is none
the Teos worth while =0 ery wo skerzh
a rough picture.

To begin with, the magnetic energy
of uniformily magnetized, tangent
spheres is proportional to the square
of the magnetization and to the cube of
the particle radius. Thus, by miking
the particles very small the magnetic
{flocculating cffcct can be reduccd.

At somc size, then, thermal agitation
alone should prevert flocculation pro=
vided that the mayretic energy is lcss
than the thermal eneryy kT (where k is
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the Boltzmann constant, and T is the

absolute tesperature). Computation -
indicates that particles 25-100 aag- =~ . -
strome in diameter should be stable on

this basis, for the range of -agnetzc

matgrials available. Calculations of

the sed;mentation"equilibrxnn for" par~ -
ticles of this size show- also that even .
a magnetic force field cannot separate ‘
the particles from the fluid. Such a
field can; however, create a plxticle

density gradient.

However, we have to face another
factor that looms in the realm of par-
ticles as small as those in. ferrofluids.
This is the attractive van der Vaals
force, whose origin is the attraction
of a.flocculating electric dipole for
a neighboring induced dipole. Accord-.
ing to theory, the enexgy for two
distant particles is ptoportional to
the inverse sixth power of distance.
For equal-sized spheres, this attrac-
tive energy equala the thermal energy

‘KT when the two surfaces are about one

sphere radius apart - a result which

is valid for any size sphere. As the
spheres approach gach other closer ‘than
this, the attractive energy. 1ncreases
rapidly. Hence, to avoiﬁ'f‘occulat.on,
it becomes essential to prevent. such _
close approach of the particles. e

It turns out that the necessary .
separation can be achieved by coating
each particle, during its manufacture,
with a dispersing agent (such as oleic
acid) which provides an elastic sheath
uru.nu} eadl yul"i\:le. Tllc =iZe '—t e
typical particle made in this manner is
100 £ and is somewhat less than the
dimensions of a single magnetic domain.
The dispersing agent can be visualized
as a monomolecular layer absorbed on
the surface of each particle. When two
particles approach each other, com-
rregsion of The musting {widsl iz ESut
20 X in the case of oleic acid) pro-
vides an elastic repulsion to oppose
the attractive force that would other-
wise cause flocculation.

The resulting colloidal mixtures
are found to kehave, when they flow,
like true homogeneous fluids.' But they
have the extra characteristic of a high
susceptibility to magnetic fields. The
magnetic force on these fluids origi-
nates within the particles whose par-
ticle nunkter -twrocntration is  on

L
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the order of 10'7 per cm . Since

these particlas-are sub-domain in size,
each is an individual pexmanent magnet.
Under -the influance of a uniform mag-
netic field, the particles experience
a torque and line up with the fieid.
But when there is, in adﬂ,uon, a
gradient of the magnziic field, the

 particles experience a force and at-

tempt to siip through the fluid. This,

dn-{urn, transmits drag to the fluid,

causing the dispetsion to move as a
whole.

ExPBRIHBHrAL DEVICE

A schemati¢ of the bifluid ultta-'
sonic interferometer is shown in Figure
1. 1In operation a-hkigh freguency sig-
nal is applied to an ultrasonic trans-

ducer (1) that is an integral pa::: of

a chamber ‘containing two immiscible
fluids. The first fluid (“} is any -
liquid which is. chemlcally pure,- does
not react ﬂ:lth liqaid (3) or the wans
of the: ehambet. and possesses low
attenuation for the ultrasonic ﬂaves
being .generated by transducer_ _{1).
Liquid (3) is a ferrofluid which is in
contact with the top of the chamber.
The. sound wave generated by trans-"
ducer {1) propagates th uqh hqmds

as the output sxgnal of the ,‘.‘dev;cea.

The ferrofluid used in_this
experiment employed kerosene as a
carrier liquid and possessed a mea=-
sured permeability of 3.59 X 107
newtons amp =2, This value corresponrds
to a magnetic susceptibility of 1.85.

A limited number of liquids were tested
for use as a second fluid in the
accelerometer and were judged on the
basis of compatibility with kerosene
and low acoustical attenuation.

Licguids acceptabls on this basis
include distilled water, glycerol,

and ethylere glycol.

Sound waves originating from
transducer (1} establish standing wave
patterns in the chamber that are caused
hy the interference betwzen the trans-
mitted sound wave and waves reflected
from the liguid-liguid interface. This
phensmenor reguires proper selection
of liguid volunes.
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© Figure 1
Schematic of Device

~

The freqnency response: of the “-
device is a Series of’ peaks or "nodal
rescnances” (Figure- -). The. frequencics.
waere these resonances occur may be
determined by -the first order expréssion

V positive o
f, = nV/2L ; n = e (1)

where V is the velocity of sourd pro-
pagation in liquid (2), and L i3 the
distance from transducer (1} to the
liguid~-liguid interface.

A typical single nodal resonance
is shown in Figure 3. When thc intrr-
ferometer is operated at an off-reso-
nance frequency, fc' (f # £,) a rignal
amplitude will bz producded at the out-
put cf the device which is completely
determined by the shape of the asso-
ciated resonance. The application of
an acceleration to the device will
distort the liquid-liguid interface
and thereby alter the value of L. The
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modification of L has the effect of
moving the nodal resonance curve along
the frequency azis (see dotted curve
in Figure 3). The machanical dis-
placement of the liguid-liquid inter-
face is recorded as a change in the
amplitude of the output signal of the
device. A source of magnetic field
gradient is used to cortrol the damping
coustant of the device by altering the
rigidity of the ferrofluid.
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Frequency Spectrum of Device
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Figure 3
Typical Nodal Resonance

The shape of a typical resonance
shows some distortion near resonance
and anti-resonance frequencies. How=-
ever, linear operation between these
extremes was demonstrated to be prac-
tical for accelerations up to 50g.
Irreqularities observed in the fre-
quency spectrum are caused by sound
reflections from the chamber walls and
the receiving transducer and should be
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avoided as they distort the linear
response of the device. MNovement of
the nodal resonance Jue to teamperature
variations give rise to changes in
static output and do not significantly
alter the shape of the nodal resonance
curve.

Figure 4 is a photograph of a
pilot model of the device. The chamber
is one inch diameter pyrex tubing.
Transducers were encapsulated barium
titinate crystals cut for a basic
resonance near one megacycle. The
black liquid in the upper portion of
the chamber is a ferrofluid and the
secondary fluid in the lower half is
ethylene glycol.

Figure 4
Pilot Model of Device

TEST RESULTS

An electromagnetic shaker system
was used to analyze the vibration
response of the device. By means of a
servomechanism control the shaker was
operated at constant acceleration from
10 to 100 Hertz. Piezoelectric accele-
rometers were mounted to the device for

the purroses of calibration. The mag=-
netic field required for damping was a
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permanent magnet mounted on the fixture
holding the device and positioned near
the liquid=liquid interface. Output

of the device was rectified, amplified,
ac=dc converted and recorded on an X=Y
plotter as a function of shaker excita-

tion frequency.

The combination of water and
ferrofluid showed a response exempli-
fied by Figure 5.

A el e

100 200 300 400HZ
EXCITATION FREQUENCY

Figure 5
Typical Vibration Response

Table 1 lists the operating parae=
meters used in testing this liquid
combination.

The quantity f. is the operating fre-
quency of the transducers, gain is the
slope of nodal resonance at £, mea-
sured in wlts per kiloHertz, and the
entries undexr the column labeled f,
indicate the order of the nodal reso-
nance (n) and whether £, is less or
greater than f,.

The remaining values tabulated
in Table 1 were based on analysis of a
mechanical analog composed of a resis-
tance (R), spring (k) and inertial mass
¢m), elements arranged in parallel.
This model leads to a mechanical impe~
dance of the form.

2> =R + l;w-;"—,]z (2)
|
vhere W/21 is the excitation fre=-

quency. The resonance which results
from such a model may be characterized
by the following parameters.

o =fkm/R (3)
T = Q/w, (4)
R = RC/ZQ (5)

where Q is the quality factcr of the
resonance, 7 is the relaxation time of
the system, w,/2T the resonant fre=-
quency, and Re is the value for

TABLE 1
FERROFLUID-WATER TEST RESULTS
fo = 250 Hz

RUN £ GAIN B £fn Q T

(kHz) (v/kHz) | (GAUSS) (MSEC)
1 760.40 0.61 0 < fg 6.42 4.09
2 767.15 0.86 0 > fg 5.51 3.51
3 823.19 1.13 0 < £ 5.53 3.52
4 827,22 2.30 0 >, 4.15 2.64
5 903.91 1.26 0 < £y, 4.59 2.92
6 906.65 2.81 0 > £, 2.80 1.78
7 760.75 0.61 43 < fg 5.40 3.44
8 907.16 2.81 43 > £, 2.35 1.50
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critical damping,

The effect of the rcagnetic field is
shown irn Table 1 by runs nuabered (7)
arnd (8). Some distortion of the nodal
resonance was observed when the maanet
was positioned next to the device. The
operating frequency, fgo, was therefore
adjusted to provide the same dain values
as observed in entries (1) and (6).

Results for tests conducted using
glycerol as the secondary liquid are
shown in Table 2.

f

| TABLE 2

'  PERROFLUTD-GLYCEROL TEST RESULTS

o fo = 190 Heriz

| 2N fo B (] T

! {ktiz) {(GAUSS) (MSEC)

P 1

i1 | 8e9.48 ! o 6.05 | 5.07

i

i 2 | 895.82 o 5.87 | 4.91
3 963.59 1] 5.06 4.24
4 | 870.23 | 43 5.08 | 4.26
5 896.14 43 4.94 4.14
6 964.06 43 4,25 3.56

The lower valuve of f, (natural reso-
nance observed from vibration testing)
is primarily due to the greater speci-
fic density and lower surface tension
of glycerol compared tc water.

The use of ethylene glycol as a
secondary liquid provides the fol-
lowing test results.

TABLE 3
FEZRROFLUID-ETHYLENE GLYCOL TEST RESULT!

fo = 380 Hertz

RUN fo B Q T
{kHz) | (GAUSS) {MSEC)
1 804.61 o 8.57 3.59
2 962.12 0 4.48 1.88
3 802.50 | 43 7.05 2.95
4 | 961.56 | 43 3.84 1.61
5 803.16 | 103 4.52 1.89
6 { 960.89 | 105 2.46 1.03
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Low frequency resonances were
observed for the liquid combinations
described above. These resonances
were Jdetected from phase angle varia-
tions evident during vidbration testing
and through the application of sinu-
soidal magnetic fields applied to the
interface region. Typical findings are
presented in Table 4.

TABLE 4
LOW PREQUENCY RESONANCES
Pluid fr(Hz) | Vvelocity
(CM/SEC)
Water 0.75 8.27
Glycerol 1.22 13.20
Ethylene Glycol 0.99 10.90

The presence of these widely separated
resonances are a direct consequence of
the hydrodynamical theory of super-
imposed liquids as presented by Milne-
Thomson [4]. When curface tension and
the thickness of the liquid layers are
considered the velocity of wave pro-
pagation is given by

2 g(P-P) [ A 2nT |27n
= comnare— — — [
€ FTF [2 e

where g is the acceleration due to
gravity,P( ') the density of the lower
iapper) liquid, A the wavelenyth of
the disturbance, T the surface tension
at the ixterface, and h is the depth
of the liquids (here considered to be
equal). At low frequencies and large
wavelengths, the first term of equa-
tion (6) predominates and the velocity
is given by

2 g(P-F)
= —— 7
c 1P )

At higher frequencies, wave motions
termed "ripples” predominate and have

a velocity 3
) [2"] Th
¢ = l—] 8)
1P (

)\JP




It is to be noticod that wave-
lengths deduced from Table 4 are con-
sistent with those derived from a
boundary condition analysis of oscil-
lation modes as giver by Lamd [5].

The amplitude of Qisturbances
arising from the low frequency reso-
nances were negligible compared to
high frequency displacements. Typical
ratios of 100 to 1 were observed for
high freguency amplitudes compared to
low frequency displacements.

All tests showed a mark dependency
between gain, operating frequency (f.),
and Q values. This relationship has
its nrigin in the following analysis;
Assume that displacements of the path
length, L, are given by the standard
relaxation equation

dL at

A

(9)

vhere T, is the relaxation time for
the motion of L. Now from equation
{1) we have, upon differentiation

dt

+ £ -
n

T

daL
- X

T (10)

af, = - £,

wvhere use has been made of egquation
{9). If one further assumes that the
response of the device is linear with
respect to changes in f,., then

{11)

a = - B af,

where B is the slope of the nodal
resonance at the operating frequency,
fc. Equations (10) and (11) may be
combined to yield

at
A =-ff —

(12)
"

The typical response of A for small
excursions in terms of a relaxation
time, T, is given by

da/A, = - dt/T, (13
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where Ag is equilibrium value of A.
Coupling equations (12) and (13) gives

Bf, = ‘-”6-'- AT (14)

where use has been made of equation (4).
It is therefore evident from this simple
calculation that the product of Af, is
inversely proportional to the observed
Q value. The quantities We, Ay, and

. are constants as a result of fixed
values of the physical parameters and
positioning of £..

CONCLUSIONS

The device described in this
paper was found to be extremely sen-
sitive to small amplitude displacements
of the liquid~liquid interface. The
limit of detection of interface dis~
placements for the observed gain values
was on the order of fifty microns. Tkis
limit was largely independent of liquid
selection. It is possible to reduce
this limit further by increasing the
value of the operating frequency, f¢.
and by decreasing the acoustical path
length, L; both alterations result in
an increase in dA/dL where A is the
output signal ampiitude of the device.

The principle disadvantage of the
present device ic the relatively low
frequency of the natural resonance.

In accelerometer design it is desirable
to have a nmatural freguemcy at least
twice as high as the highest frequency
of the accelerations to be recorded
{6] . The liquid combinations tested
have a useful freguency range of 0 to
190 Hertz. At this value, the device,
with damping, has only seismic appli-
cations. This situation can be improved
to some extent by choosing a liguid
combination with high surface tension,
such as water and mecury. Further
research on this aspect is planned.

The observation of the dependency
of measured Q values on the selection
of operating conditions (8 and f)
indicate to this author that the iInhe-
rent Q resulting from the interface
motion can be significantly altered by
tuning the electronic components asso-
ciated with the interferometer. Tiis
means that the ferrofluid primarily
serves to reduce the low frequency
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ngcrilations {(rear 1 Hiz) but that the
high frequency resonance can be easily
modified by proper selection of liquids
liquia thicknesses and opera*ing fre-
quencies (f.). The true resonance
shape of the interface motion is theo-
retically ohservable by examining the
device response at f. values selected
for zero gain (j.e. at node or anti-
node conditions}. Bxperimental
attempts at these frequencies were not
concliusive. however, due to the rapid
change of B8 with frequency at these
frequencies.

The device may be operated in a
manner opposite to that depicted in
Figure 1. The transducer in contact
with the ferrofluid may serve as the
transmitting element or, equivalently,
the roles plaved by the transducers
shown may be preserved and a secondary
liquid used which has a density less
than the density of the ferrofluid
(i.e.., the ferrofluid is at the bottom
of the chamber). The response of the
device in these circumstances differs,
from the normal configuration, in terms
of received amplitude and nodal reso-
nance frequency spacing. However, the
basic operation of the device remains
uncharged.
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DISCUSSION

Mr, Stein (Arizona State University): You said -

that the low frequency mechanical resonance was
ciiminated by the magnetic field. Could that be in-
terpreted as matching the impedance across the in-
terface of the two liquids, and that one might be
abie to infer the dynamic mechanical impedance of
an unknown lower liquid by the magnetic field that
was necessary to control this phenomenen?

Mr, Parks: I think that is a correct statement,
There were many aspects observed during the ex-
perimentation that seemed to indicate that a system
such as this could have other applications than as an
accelerameter, One thought that occurred (o me
was that it might be an excefient way to measure the
surface tension between two liquids: which is nor-
mally a very difficult thing to do. However, there
are some aspects of this device that can ve used to
arrive at that,

Mr. Dort (Naval Rescarch Laboratoryv): In
which direction did vou shake this device?

Mr, P'arks: It was prirurily shaken in a ver-
ticad mode, We observed that when the aeceler-
ometer was canted at 1 or 5 degrees off the vertienl
the presernce of the magnetie field maintained a
Tevel of the interface perpendicular to the axis of
the instrument, So it could be used off axis but
within ecrtain limitations,
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Mr, Bert: Is the mechanism of this device the
change in shape of the interface because of the
ehange in curvature of vour meniscus?

M, Parks: Yes, It i3 actually the movement
of the interface which brings about the actual analog
output of the device,

Mr, Rymer: In regard to the previous question,
that seemed to touch on cross axis sensitivity, the
normal off-the-shelf tvpe acceleromcters that are
used in aircraft testing eross-axis sensitivity can be
a problem, If this device were further developed
into a practical useable unit for sale, would you ex~
pect high values of cross-axis sensitivity, or do you
think it eould be developed to overcome that prob-
fem?

Mr. Parks: We are not in the business of sefl-
ing this device, huwever we have examined the
transverse seasitivity of the deviee and we fecl that
it ean be countrolled, both by using higher magnetic
fieids, maybe two or three hundred gauss, and also
by changing the dianwtcr of the vesscl cantaining
the iiquid, We feel that there is quite an influenec
due to surface tension on the aspects of transverse
oscillations, However, we did not have available a
shaker that would give us any indication of trans-
verse motion,
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HYBRID TECHNIQUES FOR MODAL
SURVEY CONTROL AND DATA APPPAISAL

Igtert A. Salyer
TRR Systems, Inc.
Redondo Eeach, Lalifornie

The subject is introduced by triefly revies:ing the objectives of a "da?
Survey and examining the problems generally encountered during the pre-
paration for and performance of a modal survev. A logical growth path
to eliminate these problems has culminated in a Computer-Oriented Modal
Control and Appraisal System {COMCAS) which utilizes Luth analog and
digital techniques for reduction of modal response data.

The hybrid techniques employed in COMCAS are discussed. COMCAS provides
amplitude control of the totz! force distribution, frequency slewing to
maintain resonance, conditioning and filtering of the control force gages
and acceierometers, A/D conversion and multiplexing of control parameters
to provide computer intervention if the forcing distribution is disturbed,
resolution of response data into vector components that are in- and-out-of-
phase with the applied force, A/D conversion axd multiplexing of the
resclvedi response data and real-time displays of raw, engineering unit and
general ized coordinate data. Orthographic ard stereographic plots are
generated immediately after all response data have been acquired.

The performance of COMCAS during a recent modal survey is reviewed and the
results of tne modal surver are discussed. A final upgrading of the system
is proposed to utilize sweep techniques in which the computer plays the
major role of providing foreground interactive control of excitation,

data acquisition and reduction, and data appraisal with mode documentation
being performed concurrently on a background basis. Incorporating these
features into the present system will result in a “hands-off” capability
which will significantly reduce the cost of performing a modal survey.

IHTRODUCTION

The dvnamic behavior of a structure result-
ing from transient loading events is an extreme-
1y importent design consideration, especially
for one whose size and design is such that its
modal response is significant at or near any
transient fundamental frequency. Severe Toading
will result, for instance, if a first axial moge
of a satellite is excited by the boost vekicle
staging event; similarly, root structure over-
stressing can occur on large aircraft during
taxi if the first wing bending mode is excited.

During the initial design phase, the dyna-
mic behavior of a structure is predicted by
constructing a math model and performing para-
meter studies. The validity of the results
obtained during these studies is, at best,
questionable due to the gross assumptions that
must be made in order to construct this model.
Obviously, this method is the only choice for
obtaining characteristic response data until a
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structural modei is available, at which time a
modal survey can be performed to allow an ex-

perimental assessment of the analytical results
obtained with the math mode!. Additionaily,

these experimental results provide a basis for
updating the math model so that frture analyti-
cal studies will yield accurate and valid data.

A modal survey is conducted over a fre-
quency range in which all significant modes
reside and in which all notable transient inputs
are included. Orbital loads, i.e., those in-
duced by deployment of on-board devices or orbi-
tal maneuvers, are not usually considered signi-
ficant; hence, the modal survey of a satellite
is customarily performed to define its behavior
due to ascent transients which fall generally
between 5 and 52 cps. !f tne rigid body modes
are desired, however, the frequency range of
interest will begin at approximately 1 cps.

A typical time history of a payload input
transient due to Stage 1 shutdown is shewn in




L AL S I

(a)

’ P

) ’ o
! 1]
i o '

x R *—- .:::'L.__.;,___~.‘ e

] L L

: AN ,
AN

Fig. 1 - Typical Stage 1 Shutdown Transient

Figure 1(a). Figure 1 (b) is a family of shut-
down transient response spectra for the cases
of structural damping noted on the curves. As
can be seen in Figure 1(b), the damping factor
should be high to avoid structural damage as a
result of transient inputs. This gives rise to
an interesting and unavoidable paradox since
the theory of modal testing to determine the
normal modes of a structure is predicated on
zero structural damping; the frequency shift,
however, due to the damping is considered in-
significant.

Objectives of a typical modal survey of a
satellite are to determine the frequency, damp-
ing and shape of all modes of the structure
configured to meet the desired end conditions,
e.g., rigid base, free-free, from 5 to 50 cps
which are significant in the determination of
ascent loads. The participation of the higher
frequency modes is slight compared to those
which are closer in frequency to transient fun-
damental frequencies; consequently, the impor-
tance of modes to the loads analysis decreases
as the freguency increases.

The usual approach to performing a modal
survey is divided into three phases: the pre-
survey analysis of the structure, the survey to
acquire and record the data and the post-survey
data reduction. Generally, the pre-survey
analysis is accomplished by a group not involved
with the actual survey and after the survey is
complete this same group receives the data for
appraisal of validity and subsequent use in the
loads analysis. Several major problems are
eliminated when the performing group partici-
pates in the pre-survey analysis. In this man-
ner the intimate knowledge of the structure and
its predicted behavior which is required to
efficiently perform the survey is acquired,
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limitations of the modal facility, e.g., number
of exciters or of transducers, can be considered
when constructing the mass model or transforma-
tion equations and software required for data
reduction can be used for pre-survey analysis.

There should be no post-survey appraisal or
reduction of data. Too often this is accom-
plished after the structure has bean removed and
the setup is disassembled and there is no chance
to repeat the survey when serioys anomalies are
found. Fragmentary or questionable modal survey
data 1s worse than no data at all. Rarely will
it correlate exactly with the analytical data
above the first bending modes and it must be
completely accurate i1f it 1s to be used to cor-
rect the math model and to perform a loads
analysis of the structure. For this reason, the
complete appraisal of modal data must be accom-
plished as data for each mode are acquired.

This results in an extremely high confidence
factor for all data as soon as data from the
last mode is obtained and appraised.

The foregoing considerations have led to
the development of a Computer-Oriented Modal
Control and Appraisal System (COMCAS) which
utilizes both analog and digital technigues to
acquire, reduce and document modal survey data
on a real-time basis.

A GENERAL MODAL SURVEY OVERVIEW

It is appropriate at this point to briefly
discuss the various tasks associated with per-
forming a modal survey. Although the treatment
of each task is condensed, it will provide the
reader having limited modal survey experience
with some understanding of the purpose of each
task.




Fig. 2 - Satellite Structure and Mass Model

Pre-survey tasks consist of the preparation
of the mass model and the generation of the
plots of al1 modes which are predicted by math
model analysis.

Briefly, the steps required in construct-
ing a mass model are: deterwine properties
of all components of the structure; judiciously
combine the component masses and assign the
Tumped masses to appropriate coordinates; deter-
mine the mass and inertia values for each lumped
mass; and, assign degrees-of-freedom to each
mass point. Gross checks of the mass model so
constructed are: about each axis the sum of the
moments-of-inertia of the individual Jumped
masses must equal the moment-of-inertia of the
total structure and along each axis the sum of
the masses assocfated with each node must equal
the mass of the total structure. A typical
satellite structure is shown in Figure 2(a) and
the mass model of the structure is depicted in
Figure 2(b). Each node of the mass model, rep-
resented in Figure 2(b) by the darkened circles,
has associated with it the degrees-of-freedom
required to define its behavior. A sample of
the mass model tabular data is given in Table 1,
in which the inertial property of each degree-
of-freedom is 1isted. Each node of the mass
model in Figure 2{b) is, of course, numbered;
these were deleted from the figure for clarity.
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Care must be taken in preparing the mass model
since errors due to poor techniques in construc-
tion can easily overshadow errors attributable
to instrumentation. Possible causes for error
in constructing a mass model are: important
secondary structure may be lumped into nodes
containing many other small masses; inaccuracies
may exist in the calculated moments, masses and
coordinate locations for each node; and the
model may contain an insufficient number of
degrees-of-freedom to properly describe the _
behavicr of the structure. Use of the mass
model in performing orthogonality checks is
discussed in the latter part of this section.

Analytical mode plots are generated from
data obtained from math model studies of the
structure. These plots represent the best data
available until the modal survey is performed
and are used for analysis until the experimental
data is obtained and plotted. Although the
analytical plots are not entire'y accurate, they
generally are correct in representing the gross
motion of the structure and are useful in pre-
dicting optimum exciter locations for each mode.

Tasks associated with the actual perfor-
mance of the modal survey are excitation of the
structure, acquisition of the response data,
analog and digita‘l reduction of the data,
1isting of data and appraisal of the results.
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TABLE 1
Sarple Mass Model Tabular Data

Station{!nchos) Inertia valus (LB or L8-IH2) Degree-
Node X Y Z Mx hy Mz Ix ly Iz of-Freedom |
9 0 e 60 .15 10.26 - - - 15,000 139,140,141
60 0 0 87.3 11.15 10.26 - - - 15,0650 | 142,143,144
€1 A0 33.0 e¢7.8 231.66 13.22 0 - - - 145,146,147
62 -34.0 34.0 67.38 15.83 15.83 0 - - - 148,149,150

63 -10.5 15.2  38.1 100.00  100.00
64 ~-10.5 15.2 104.85 | 100.00 100.00
65 0 0 Yy 13.75 13.75

100.00 94,700 100,000 100,600 | 151-156
100.00 94,100 98,010 100,600 | 157-162

13.75 94,100 98,600 190,000 | 163-168

Perhaps the most important asp~ct of modal
survey performance is the proper excitation of
the structure. Budd's Procedurs [1] is gen-
erally followed in performing a modal search.
The forcing distribution, i.e., the application
of in-phase or out-of-pnase forces of varying
amplitudes, must be such that energy is applied
throughout the structure at the proper phase,
amplitude and frequency to excite a desired
mode. Although various and sundry tuning tech-
niques are available to excite & given mode
while another mode is simultaneously being sup-
pressed, these are usually a matter of exper-
jence and no attempt will be made to 1ist or
explain these here. A prime consideration is
that the amount of energy supplied to the struc-
ture must be sufficient only to excite the mode;
any additional enargy will tend to distort the
structure ang give erroneous results. Co/quad
analysis {2], i.e., resolution of acceleration
signals into coincident and quadrature vector
components which are in- and out-of-phase, res-
pectively, with a reference force signal, of
the structural response data is generally the
method used to determine if resonance is
achieved. The purity of the mode is checked
by performing a modal decay. This consists of
observing tke signals from selected accelero-
meters and simultaneously removing all excita-
tion from the structure. The lack of beating
in the response signals indicates only the mode
of interest is excited.

After the wode is deemed acceptable, exci-
tation is reinstated and the data is acquired.
Data acquisition and analog reduction consists
of conditioning and filtering the acceleration
signals and resolving them into coincident (Co)
and gquadrature (Quad) components.

At this point a myriad of mathematical
operations must be performed. The data must be
translated from accelerometer coordinates to
mass coordinates. The generalized mass and the
sum of the mass-phi procducts, which provide a
goneral definition of the predominant structural
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behavior, e.g., torsional about the longitudinal
axis, must be computed. Normalized deflections
for each mass point are reguired to perform
orthogonality checks between the mode being in-
vestigated and all other modes for which data
has been acquired. These orthogonality results,
along with modal decay data and modal plots, are
used to aopraise the quality and validity of the
acquired data.

todal plots are generated to completely
define the character of the mode. These plots
also provide a fast and sure method of assess-
ing the effectiveness of the exciters located
about the structure in exciting the mode under
investigation.

COMCAS - A HYBRID SYSTEM

COMCAS was conceived as an extension of a
previous system which utilized a time-share ter-
minal to process data. As this earlier system
was used, it became obvious that the survey was
outoacing the data aporaisal and mode plotting
cavability. An evaluation of the system perfor-
mance [3] indicated that the excitation control
and the analog acquisition and reduction sub-
svstems were adequately designed but that the
system should inciude a computer with sophisti-
cated I/0 capabilities, supported by a software
package capable of real-time performance of all
analytical tasks associated with a modal survey.

A simplified block diagram of a tyoical
channel of the excitation control sub-system is
shown in Fiqure 3. This sub-svstem features
amolitude servo control of the total forcing
distribution, frequency slewing to maintain
resonance conditions, computer cognizance of
control parameters to orevent data acquisition
if the forcing distribution is perturbed and the
display of control parameters and any out-of-
tolerance messaaes on a CRT displav unit. The
CRT display unit includes a keyboard which is
used for assianing 1imits on the force levels
for a given forcing distribution and for
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Fig. 3 - 8lock Diagram ¢f Typical Control Channel

entering bookkeeping data such as date, time,
mode number, exciter locations, and so ferth,
in core memory.

A force gage/accelerometer pair is located
at each force input. A selected pair provides
signals to each of their associated tracking
filters. The filtered signals are applied to
the co/quad analyzer which operates on the force
and acceleration signals to provide co and quad
components of acceleration. Proper tuning of a
mode is evidenced by a peaking of the quadra-
ture signal as shown in Figure 4, As can be
seen in the co/quad ptot, mode 11 is suppressed;
the adequacy of suppression is confirmed by per-
forming a modai decay. This consists of observ-
ing the unfiltered signals from selected accel-

,
—e——a k]

Fig. 4 - Cn/Quad Components of Acceleration
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erometers as excitation is removed. A clean
decay, i.e., no beating, indicates that proper
tuning techniques have been employed to effec-
tively eliminate adjacent mode response. Typi-
cal decay curves are shown in Figure 5. After
the decay curves are obtained and the modal
purity scems satisfactory, the excitation is
reinstated in preparation for acquiring modal
data.

The output of the filters are also fed
simul taneously to the phase-lock system, an
oscilloscope used to monitor the force/acceler-
ation lissajous pattern and to the A/D con-
verter, which interfaces the control and acqui-
sition console with the computer. If the fre-
quency of resonance should change the phase-lock

M/WWV\N\NWWV\N\N\AMMW
\NVVV\ \/\NV\I\/WVV\/\MNV\ANWVV\.
f\/\/\/\/\/v\/\/\/\/\/v\NWW\AMMMw
WWMAMMWAMWMANAAMAAAAAN

L’u VY WAVAVAVANVAAMNAAAAAAAA

Fig. 5 - Modal Decay Curves




system causes the osciilator to change frequency
to maintain a resonance coadition. The A/D con-
verter, which includes multinlexing, is pro-
gramwmed to constantly update control parameter
data. If, after the forcing distribution is
established, any force leel exceeds pre-estab-
lished limits the acquisition of data is ter-
minated, an error message appears on the key-
board and the out-of-limit parameter is con-
tinuously scanned until the prcper correcticen

is made. These limits may be changed or removed
at will by a manual entry on the zeyboard.

The data acquisition and aralog reduction
sub-system resolves the respons2 accelerometer
signals into co and quad components and pro-
vides this data, along with range data from the
various units which operate on the reference
force gage and the response accelerometer sig-
nals, to the A/D converter and multiplexer. A
block diagram of a typical response channel is
given in Figure 6. The symbols are defined in
Appendix A.

After a given acceleroweter signal is
selected as an input to the co/quad analyzer,
all range switches are optimized and an entry
on the CRT keyboard initiates a dsta scan on
the multiplexer. The computer receives the
data, stores it in core memory and displays the
value read at each data point on a monitor CRT.

Although absolute amplitude is not a pro-
perty of a normal mode, it is convenient to
cancel out the force contribution to the co and
quad components, thereby obtaining values in
units of acceleration only. In other words, if

108 &¢

the quantities
Co = |F{ |A! Cos @ 1)
Quad = |F] {A] Sin o 2)

were converted from voltage to engineering units,
dimensionally they would have units of 1bs
force-G. In Appendix B, the conversion equa-
tions are derived so as to cancel out the force
to give

and

Co = |A] Cos o 3)
Quad = JA] Sin e 4)

and

with dimensional units of G. The equations,
derived in Appendix B, used to convert the data
from voltage to engineering units and corres-
pording to equations (3) and (4), respectively,
are, using symbols defined in Appendix A,

Cv "5, xZ
CO.F.X—F_- 3-13)

v

Qv X Sa xZ
Quad = R A 0 8-14)
v
where

- ] .
xp x10Expi6, X10ExpLA,
The engineering data are then translated
from accelerometer coordinates to mass point
coordinates for each degree-of-freedom. This
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Fig. 6 - Typizal Response Channel
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technique, which takes advantage of any rigid
body motion which the various components may
tend to exhibit in given coordinates, eliminates
the need for an inordinate number of transducers
to adequately define the behavior of the struc-
ture.

A brief treatment of a simplified method of
computing the orthogonaiity between modes {is
given in Appendix C to complement the following
discussion. This serves the purpose of limit-
ing any cxtraneous discussion in the develcpment
of the relationships as well as allowing only
the useful results to be used hera.

The generalized mass, Gy, for the rth mea-

sured mode of a system with n degrees of frvedom
is calculated easily by performing the summation

n
X~ 2 g
Gr -%_;‘ m 55 .r (c-2)

where ®; denotes the mass or inertia property of

here instead of displacement since acceleration
is equal to displacement multiplied by a con-
stant, and, as wentioned earlier, amplitude is
not a dcfining property of a normal mode.

The generalized mass is used to normalize
the translated accelerations so that the gener-
alized mass of the normalized data is equal to
unity. As shown in Appendix C, this allows the
determination of orthogonality to be performed
in a simple and straightforward manner. The
normal ized acceleration value, fy ,, for the ith
degree-of-freadom of the rth measured mode is
chtained by dividing the translated acceleration
value 3§, p by the root of the rth generalized
mass, Gp

%ir° ‘e‘i"'r'l/z ° (c-10)
T (6,

Utilizing the normalized deflection values, the
orthogonality, or mass coupling, p,s0 18 cal-
culated by performing the summation

the ith degree-of-freedom of the mass model and n
8§ is the acceleration which has been translated LI ’?: LAY PR P {c-11)
to the ith coordinate. Acceleration may be used * =] ol
e s = -
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where n is the number of degrees-of-freedom, mj 1 Yo
denotes the element of the diagonal mass matrix : =é:ﬁ]°ge el {r)

corresponding to the ith degree-of-freedom, and
@i,j denotes the ith normalized deflection for
the jth measured mode.

These calculated gencralized coordinate
data are listed on a hardcopy printout im-
mediately after data acquisiticn is complete.
A flowchart of these operations is given in
Figure 7.

Various methods exist to calculate the
damping factor. The most convenient is to
determine the frequency points of maximum and
minimum coincident response [2]. Looking back
to Figure 4, the maximum, «p, occurs below res-
onance and the minimum, .4, occurs a2bove reso-
nance. The damping factor, :, is a function of
the ratio of these frequencies and is given by

(.. 7.5.)2
RPN W IOt (%)
2T %0
An alternate method [4] is to utilize the rela-

tionship based on the logarithmic decrement of
the decay curve given as
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in which the damping factor is a function of the
initial amplitude, Yy, and final amplitude, Y,
of the peaks of a decay curve, as shown in
Figure 5, and n is the number of cycles included
within the initial and final amplitude peaks.

As no real advantage is gained by verform-
ing these calculations on a computer, since the
values must be read from a record, the computa-
tions are performed manually.

As soon as the data is reduced and the mode
is deemed acceptable, the plotting sequence is
initiated, The COMCAS software includes a plot
routine which generates three orthographic views
and two stereographic views of the structure.
Two images appear on each plot: the undeflected
structure in black and the perturbed structure
in red. Plotting parameters, which are manually
entered on the keyboard, o« e v: iable to allow
the structure to be viewed at any anodle and at
aay focal point. Hence, if any key portion of
the structure is obscured, the operator need
only enter new parameters on the keyboard to
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effectively swing the viewpoint around the
structure. The plot format is shown in Figure
8 ia which the lighter lines, plotted in red on
the arigiral plots, irdicate the perturbed
structure. The stereo plots, when viewed with
a stereoscopa, provide a three-dimensional view
of th= structure. This stereo view is very use-
ful when working with higher order modes having
complex shapes.

Yery often the mass medel of a structure is
constructed in such a manner that large rigid
objects are modeled with a singie mass point
with multiple degrees-of-freedom. A useful
techrigue in this case is tc employ transfor-
mations by which the motion at this mass point
is projected to synthetic nodes estabiished at
the corners, edges or other easily icentified
points of the gbject. These synthetic nodes
are then also plotted to more clearly define
the gross behavior of the object.

APPRAISAL OF SYSTEW PERFORMANCE

A modal survey vas recently performed on a
large tandem-satellite payload with excellent
results. All significant modes met the ortho-
gonality goal of ten percent, which is generally

N

IS

accepted as a realistic requirement for ortho-
gonality. Minor exceptions to this goal existed
in three higher frequency modes. These excep-
ticns were attributed to participation of secon-
dary structure which was not adequately defined
in the mass =odel.

The phase-lock and amplitude servo control
systens are very necessary to maintain rezonance
during data acquisition. Limits imposad on the
forcing distribution during dwells was +5% of
the required level and seldom was any readjust-
ment required during the modal dwells.

Co/quad analysis has proved its worth in
varigus tasks. As ooposed tn the out-dated and
extremely inferior technigue of observing the
total response of each accelerometer to deter-
mine resonance, the co/quad technique has proven
to be an extremely fast and accurate method of
detecting resenance and, in fact, has almost
eliminated the need for a large number of ex-
citers to be placed around the structue. Ffour
exciters rated at twenty-five force-1bs have
been sufficient to properly excite large ard
complex structures when the data is resolved
into co and quad components before computing
generalized coordinate data.

Fig. 9 - Modal Survey Control Poom
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Fig. 19 - Modal Survey Daza Package

8 real-tice data appraisal and documenta-
tion capabiiity :¢ a distinct advantage and a
recessary safeguard against the jeopardy of
traring down the t-33 sctup before poor data
£an pe identified and i-proved. Modes exhibit-
1ng So0r ortaggonality with previously defined
=odes wer? identifieq irwediately after acqui-
s1tign of response data, the forcina distribu-
2ion was izproved 2nd moda] data were again
acquirsd and examined.

Complete visihility of all uperations was
achieved by lccating all cunsoles and coeputer
f:1 devices, with the exception ¢f the line
printer, in a control room adjacent to the
ztructure under test. A photo oF this controi
room is included as Figure 9. The CRT/keyboard
unit, th:cugh which all system activity is
dir-_ced, can be seen in the foreground. A
second CRT/keyboard unit, not shown in the
chotograph, was availadble for use by tre engi-
neering staff to recall data from previous modes
without interfering with system operations.

Imzediately after data for the last mode
were acguired, a complete package cf data wac
avarlable for loads analysis. This package in-
ciuded raw voltage data, engineering unit data,
generalizad coordinate data, ortnogonality
resulte and modal plots, shown pictorially in
figure Ii.

FUTURE SYSTFM UOGRADING

Studies are presently in progress to con-
vert the system to one utilizing sweep-mode
techniques. This will allow a modal survey to
pe accomlished corpletely in one slow sinu-
snidal sweep with the computer providing fore-
ground control of tire freguency, forcing dis-
tritytion, data acguisition and purity apprai-
sal. Documentation will be accomplished on a
non-interference background bacis.
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A control technique has been devised [5] which
will eliminate the unwanted mass effects of un-
used exciters, This is important to the overa.l
concept of accomplishing a modal survey in a
single sweep since exciters will be required as
key locations throughout the structure to allow
excitation of all predicted modes. The ampli-
tude and phase of each exciter and the excita-
tion frequency will be controlled by the com-
puter through A/D and D/A interfaces. A con-
ceptual block diagram of the control loop for a
single exciter is given in figure 1. The
velocity at a given excitation point is utilized
as an indicator of the effect of the exciter for
the mode at hand. If it is not assisting in ex-
citing the mode the oscillator input to this
channel will be removed; however, the velocity
feedback still remains to provide enough energy
to the exciter to have it appear to the struc-
ture as zero mass. The function of the rest of
the system is identical to the present control
system. All manual functions, e.g., ranging of
the units, selection of inputs, etc., will be
eliminated by auto-ranging amplifiers and random-
access crosshar switching networks.

The test will proceed by slowly sweeping
until the computer determines that a resonance
condition is at hand. The resonance will be
optimized by varying phase, amplitude and fre-
quency for maximum quadrature peaking of key
accelerometers. After data acquisition has been
completed, the sweep will resume. Computer
foreyround activity will continue in search of
the next mode while background activity will
commence to document the modal data just ac-
Guired.

CONCLUSION
The performance of TOMCAS during a modal

survey of a large complex structure has demon-
strated the value of interleaving analogq
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Fig. 11 - Conceptual Block Diagram of Automatic Contrel System

and digital techniques to reduce data and docu-
ment the results on a real-time basic. Maximum
visibility of raw voltage, engineering unit and
generalized coordinate data is provided as the
survey is performed to allow an immediate
appraisal of the adequacy of the forcing dis-
tribution and the validity of the acquired data.

Integrating a co/quad analysis capability
into the system has provided a precise method
of determining resonance ard eliminated the
need for a great number of exciters to be
placed about the structure. One must realize,
however, even when utilizing co/quad techniques,
that some experience is still required in plac-
ing exciters to achieve a satisfactory mode,
although it is no longer the difficult task
that it was when only phase and total accelera-
tion response were available to determine reso-
nance.

Interactive computer control is a logical
extension of the present capability and will
result in a significant reduction in the cost
of performing a modal survey. This reduction
will mainly stem from having to locate the
exciters only once at the beginning of the
survey. The computer will carvy the burden,
through judicious programming techniques, of
performing the many i*erations required to
adequately tune each -ode. This approach,

-coupled with the present system capability of
providing a complete package of reduced data
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minutes after the last mcde is acquired, will
represent a significant increase in the state-
of-the-art.
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fefinition
Apelied force
Total Acceleration

Sensitivity of Force Amp.

Gain of force Gage Filter

force Level

Gain of Co/Quad Ch.A
Sensitivity of Accel Amp.
Gain of Accel filter
Acceleration Level

Gain of Zo/Qu~d Ch.B
Coincident Level

Phase Angle Between
Applied Force and Total
Acceleration

Quadrature Level

Coincident Component
(5 FsAt Cos )

Quadrature Component
(5 FsAt Cos )

Coincident Component
(1\t Cos )

Quadrature Component
(At Sin -}

Force Input to Co/Quad
Multiplier (¥ rcuit

LN NN R N B B N B 2 4

The various analytical procedures now per-

formed effortlesslv bty the computer are @
resuit of 3 great deal more effort erpended by
Dick Strom, Chung Hwang and Rich Schlothauer.

APPENDIX A
LIST OF SYMBOLS

L8

G
LB/Volt
db

Volt

db
G/Volt
db
Volt
db
Volt
Deq.

Volt
L5-6

L8-G

Volt

Symbcl Definition Units
t\“l Acceleration Input to Volt
Co/Quad Myltiplier Circuit
LA Element of Mass Matrix L8 or
o LB-IN2
[n] Mass Matrix L5 or
LB-IN2
i Deflection at Point
' of rth Measured Mode Inch
b Modal Column of Inch
rth Kaasured Mode
G Generalized Mass of LB or
r rth Measured Mode LB-IN2
Cr s Mass Coupling Between LB or
c rth and sth Measured LB-IN2
Modes
. Magnitude of Mass Scalar
* Coupling Between rth
and sth Measured Modes
M} Generalized Mass Matrix L8 or,
For A1l Measured Modes LB-IN
1} Modal Matrix Containing Inch
Columns For A1l Measured
Modes
’Hr s! Ganeralized Mass Matrix For LB or
U e rth and sth Measured Modes LB-IN2
2 Element of Modal Coiumn __ IN
’ Normalized to Unity (L8 I.‘z)nz
Generalized Mass s
Mr} Modal Column of rth Measured
! Mode Normalized to Unity IN
Generalized Mass (Ls-m2) 172

36




APPENDIX B

A block diagram of the co/quad analysis
system is given in figure 6. This system gper-
ates on signals from # selected reference force
gage and the response gccelerometers.

T-acking analyzer 1 filters the reference
force gage signal and the 100 kc output is ap-
plied to the input of Channel A of the co/quad
aralyzer. Siailarly, the 100 kc acceleration
signal is applied to Chanmnel 8 of the co/quad
analyzer. After ranging of all units has been
optimized, the co or quad cutput of the co/quad
analyzer can be selected as the input to a
digital vcitmeter to read 31 voltage which can
be converte¢ to the cv or fuad component of
acceleration, with rerpect ts the reference
force gage signal, for each selected accel-
avometer. The filtered 0.C. outputs of the
force or acceleration tracking analyzers can be
selected as the input to the digital voltmeter
to read a voltage Jevel which can be converted
to the reference force level or accelerometer
total response, respectively. Ranges of all
units are required to convert the readings from
vnltage to engineering units.

The co/quad analyzer operates on the force,
F, and acceleration, A, signals through phase-
shift and filtering networks to give the co and
quad components of the acceleration which are
defined as

- _FA :
C()fa = -5 Cos = B-1)
and
7 P )
Quadfa 8 —2— Sin - N B 2)

where = is the phise angle between the applied
{reference) force and the total acceleration
measured at the selected response accelero-
meter,

However, the co/quad analyzer also con-
tains a multiplier circuit in which there is a
fixed gain of 10, i.e., with force and accel-
eraticn inputs having levels and phase angles

of

a) F=0.71V rms b} F =23.71 Vrms
A=0.7 Vrms A=0.71 Vrms
:=0°, ~ = 45°,

and

c) F=0.71 Vrms
A=0.71 Vrms
- = ]5='

3

-

the resulting co and quad outputs are

a) Co = 2.5 vDC
Quad = 0 VBC,

b) Co=1.76 VOC
Quad = 1.76 VDC,

and

c) Co = 2.45 VOC
Quad = 0.66 VOC.

Therefore, the U.(. voltage read at the co <nd
quad output must be divided by 5 to obtain the
analog representation ot FA Sin : and FA Cos -.
in other words, the voltages read at the co and
quad outputs actually represent

Ct)fa = 5 FA Cos ~ B-3)

and
()uiul_,a =5 FA Sin =, B-4)

which will be used in place of equations B-1)
and B-2) ir the remainder of this discussion.

The force, Fg, imnosed cn the structure at
the reference force gage location is given by

- Fv X Sf
s 10 Explgfghﬁi

where Fy is the level of the filtered D.C. out-
put, Gfg is the gain of the reference forcs
gage tracking analyzer and Sfg is the sensitiv-
ity of the ‘orce gage amplifier.

B-5)

The total acceleration, At, seen by the
seiected response accelerometer is given by

A - Av X Sa

t xp(G,/20) °
where A, is the level of the Filtered D.C. out-
put, G3 is the gain of the accelerometer track-

ing analyzer and Sa is the sensitivity of the
accelerometer amplifier.

B-6)

The voltage read at tnhe Co output which
represents FA Cos -, denoted by C,, and the
voltage read at the quad output which represents
FA Sin -, denoted by 0y, are given by the fo"-
lowing equations, in which Fy and Ay, are the
force and acceleration inputs to the multipiier
circuit and the constant 5 is included to ’
account for the gain of 14:

cV

¢

v

H

5 Fm Am Cos - B-7)

5F A Sin - B-8)




APPENTIX B
{Continvea)

Now, Fm is related to the force applied to the
structure, the sensitivity of the force gage
amplifier, tae gain of the tracking filter and
the gain, Ag, of channe! A of the co/quad
analyzer as

3

xS
- n f o
Fs'T—ETWT_Tg—E_mTO = - < ik, 8-9)

Similarly, the relationship between the total

acceleration and Ay, the acceleration input to

the sultiplier circuit, is given by
A-n b3 Sa

A = ; , B-10)
t - TG Exp\Ga/?.OF x 10 Exp‘ﬁaho,

where A, is the gain of channel B of the co/
quad analyzer.

Solving equations B-9) and B-10) for Fy
and Ay, respectively, and substituting into

Likewise, after substitutien into equation B-8)
the expression for quad is obtained:

o:SszxAtxYxSina 8-12)
v ngxsa

Solving equations B-11) and 8-12) for
Cos ¢, denoted by Co, and Ay Sin o, denoted by
Quad, and using equation B-5) to eliminate Fg
from the expression results in

C,xS_x1
- V" "a B-13)
Co At Cos o -—S-Trv—
and .
Q xS_x
- S i | 8-18)
Quad At Stn o —Tx—'rv——

where 7 is defined, for convenience, as

equation B-7) yields 7= 1
Xp xTExp (G, 720)xToExp (A,
5xF xA, xY x Cos s
c = S t » B‘]]) i
v S¢a * ':2‘l Equations B-13) and B-14) are expressions
9 for the coincident and quadrature components,
where, for convenience, Y is defined as :zxﬁg"gl’ ; g:v::e mt:msgcﬁl:ggo;?m“’
- applied to Channel B, with respect to a ref-
Y logxp(Af/ZO)"mE"p(Gfglzo) erence force gage siénal whick is applied to
xlOExp(Ga/N)xlOExp(AaIZO). Channel A of the Co,quad analyzer.
APPENDIX C

DISCUSSION OF MODAL ORTHOGONALITY

With n mass oriented accelerometers ac-
quiring data from a continuous structure which
has been idealized by lumping masses Such that
n cegrees-of-freedom exist, the off-diagonal
elements of the corresponding nxn mass matrix
vanish. Should the accelerometers not be loca-
tpd at each coordinate, the same result can be
accomplished through the use of transformation
equations to translate the measured accelera-

_ tion from accelerometer coordinates to mass

coordinates. Let the diagonal mass matrix be
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represented by

i

where the elements

Mg~ 0

and

Mass Property of Point i,
i=1,n
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The modal deflections of a measured

mode are the elements of a colum metrix. This
modal colisa of the n degree-of-freedow system
in the rth mcde will be represented by

’ar' U
shere each element
e(i,r) = Deflection at Point 1, 1 = 1, n.

This modal coium 1s also called the rth
eigenvector and say be thought of as a vector
in n dimension space where each element of the
column is a cosponent of the vector in the
corresponding coordinate direction. For an n
degree-of-freedom system there are n such
a2igenvectors. Each efgenvector and associated
eigenvalue will satisfy the equation of motion
for the system in free vibration.

The generalized Mass, Gy, of the system
for the rth measured mode s given by

Gr' * el T ["] {op} » ¢-1)

where the symbol T denotes the transpose of the
matrix. An equivalent expression for the above
eguation s

n

2
Gr 82 -1 C‘i’r - C-Z)
=]

The set of eignvectors ohtained experimen-
tally should be orthogonal in a particular
sense, 1.e., they should be orth al with
respect to the mass (or stiffness) weighting
matrix. This orthogonality relationship with
mass as the weighting matrix, between the rth
and sth modes is, in general, expressed as

180} T ["]i 1o} = 0. C-3)

91 or & S
62,1‘ 62,5

= 3,r 835
rss 94,1‘ 94.5
%5,r %5

%6,r %,s

-

T

lo o 0o o o =!I

OOOO'\FO

O O O X O O
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Mass coupling between the rth and sth mode
results in a value other than zero on the right-
hand side of Equation C-3) Therefore, the mass
coupling, C, between the rth and sth measured
nodes is defined as

o T -
cr,s * 3"1‘! ["] %"'sf ’ c-4)
or equivalently, by
cr.s ’%l ® “i,r %i,s ¢-5)

The magnitude of mass coupling, ip .
between the rtu and sth measured modes can be
assessed by comparison with the rth and sth
generalized masses:

c

r,S
3 = ——'ﬁn— C-6)
TS {6, x &) .

The generalized mass matrix will be denoted
by the symbol

L1

and is defined as

LIENE R (TRE =)

where the lack of a subscript in the modal mat-
rices signifies that the complete set of eigen-
vectors is included. The generalized mass
matrix will contain as the diagonal elements
the generalizec mass for each mode with off-
diagonal elements containing the mass coupling
terms.

It is convenient at this point to invest:-
gate the result of computing tine generalized
mass matrix for the rth and sth measured modes.
Consider a system having six degrees-of-freedom:

00 0] 1, s
000 “2,r “2,s
0 0O eBl,r é3,s
M0 0 fa,r fa,s
0 M0 "5,r 5,
00 Td “6,r "6,s
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4,r P45
“S,r 54S
\%6,r %,s
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§ 1or 2.r73,574,r°5,r76, 1)

T O o o

i"r.s

b=y L
t; .5 2,83,s 4.5"5.5"6,5‘

o 0o o B O ©Q
o X Q © O 2

o o

lo o o 0o ©o =i

o
@:oooocl

t C M) G ) Uy M) (og M) (o5 M) (g rHS)}

P Ny ) g ) (o M) (g M) (55 ) Log M)
5.1 %5,s
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APPENDIX C
(Continued)

An inspection of C-8) will disclose the
presence of the result of Equation C-1) for the
rth and sth modes in positions 1,1 and 2,2 res-
pectively, of the diagonal and the result of
Equation C-4) in both off-diagonal elements.
Hence, the generalized matrix may be character-

ized by
6 C
r rsS
f"r.si = )C ‘
r,s H

and the non-dimensional magnitude of mass
coupling is found by comparing the off-diagonal
element with the root of the product of the
diagonal elements,

C

PO L

r,s 172
(Gr X Gs)

which is identical to Equation C-6).

1t is desirable tc normalize the elements
of each modal colum to unity generalized mass
for the particular measured mode. This is
possible since amplitude is not a property of
normal modes. Denoting the normalized modal
colum of the rth measured mode as {2,.} » each
element is obtained by dividing by the root of
the rth generalized mass:

c-10)

In so doing, the denominator of equation C-6)
becomes unity and ¢ ¢ may be calculated simply
by performing the summation

i1

“rys 22y Yine Bis

r,s c-1)

-

The result of equation C-11) multiplied by iGO
gives tne mass coupling, or orthogonality, bet-
ween the rth and sth measured modes in percent.

The futility of attempting to obtain abso-
lutely orthogonal modes, i.e., with zero mass
coupling, can be realized by roting the ¢ es
of error. The distributed mass of the Struc-
ture is discretized to form a mas$ model of the
structure. The transformation equations in-
clude terms to determine the displacements of
the center of gravity and rotations about the
principal axes of inertia of each mass element
from components of acceleration measured at
various locations. The accuracy of the deter-
mined mass coupling, or orthogonality, depends
on the accuracy of the theoretical mass model,
transformation ey::ati~.s and the experimental
data.

Caution must be exercised when using
orthogonality results to appraise the validity
of modal data. Two modes can be orthogonal in
the mathematical sense simply because they are
physically orthogonal. One, or both, of these
modes can be non-normal to the remaining modes
of a set even though at first glance they
appear to meet orthogonality ronditions when
considered as a pair without regard to the
other normal modes. Orthogonality, then, is
a necessary but not sufficient condition that
the mode under consideration is a normal mode
of the structure.

DISCUSSION

Mr, Gayman (Jet Propulsion Laboratory): As a
result of exjcrience with this system and with the
overall dats processing, have you determined any
eriteria for judging when an orthogonality check is
good or bad or indifferent ?

Mr, Salyer: That point is probably open to a lot
of interprctation, but our orthogonality goal is ten
percent and we have been very successful in meeting
that goal. While we have excceded that goal with
some of the higher order modes we have been able to
rationalize 1hat out because thev are so far dispiaced
from the phenomena vhieh we feei to be important,
The participaticn of these modes is so iow compared
to the iower frequency modes that we realiv put most
of our time in the lower order modes, The ten per-
cent goal is essentiajiy met,
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Mr, Trubert (Jet Propulsion Laboratory):
What advantzge do you have using the co~quad
against phase measurement and amplitude mcasure-
ment? They are equivalent,

Mr, Salyer: They are equivalent, I fccl that
our system yields results much quicker, Of course,
digital techniques can be emploved but it takes con-
siderably longer. One of our requirements is to
obtain the results immediately without anv transition
from tape data or play back through a computer to
obtain components of the total acccieration,

Mr, Trubert: What I mean is that instead of
using a co-quad you can use a phasemeter and an
amplitude meter and get the same answer, Wc have
heen doing that at JPL and it works quite well,




Mr, Salver: i see, vou huave been using total
decviceration and vou try to get i of vour peints
cither 7zero er 150 ¢egrees out of phase ?

Mr, Trubert: We actually measuare the phase,

Mr, sSalver: So vou tryv to get ali vour points
cvither in or out of phase?

Mr, Salver: As i expiained on one of the slides,
tlie totad resporse obseures the quadrature data,

Mr, Trubert: Nu, but we do not use the peak to
tune: we use the phase to tune,

Mr, Salver: Weli, we have used both,

Mr, Trubert: Instead of measuring X and ¥ yvou
measurce the moduius and the phase angic ?

Mr, Salver: i understand what vou are saying
aow. We used that 1-chnigee at the beginning, The
svsten that we have now is ibout a third generation
svstem, The technique that vou describe is difiicult
because of the number of Lissajous patterns that
vou have to look at,

Mr, Trubert: i wonder why vou would nwed a
co~quad analvzer when vou cin do the job with an
ampiitude and phase meter? If or2 method has a
real advantage over the other i would iike to know
that,

Mr, Salver: if vouare using ampiitude and phase.
are vou using the phase to convert vour totai acceier~
ition ampiitude into co- and quad- components ?

Mr, Trubert: Yes, the computer does that,

y i!r,, Salver: The computer does that in real
ime?

Mr, Trubert: No, not real time. but yvou do not
need that, You measure the ampiitude and the
phase and then vou tune on the phase only, That is
the wav vou tune vour mode, [ think vou are tuning
an quad-, are vou not ?
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Mr, Salver: Yes, we tune onquad-, We use

force and accelcration,
Air, Trubert: That {3 the same thing, [ think,

Mir, Salver: No, Not unless you go through
some mathematical computations and unless those
matkematical eomputations are performed in reel
time so that it gives a comparabie quaiity of data,

Air, Trubert: Well, you do not really need the
value of your co- or your quad-, you just need a
zero angle, then you are tuncd,

Mr, Cronkhite (Bell Helicopter Co,): Do you
use normal mode duta in dynamic response analysis?

Mr, Salyer: The quadrature data is used,

Air, Cronkhite: How do you obtain the gener-
alized masses?

Mr, Salyer: The generalized mass is an inter-
mediate step in computing the orthogonality,

Mir, Cronkhite: What mass matrix did you use?

Air, Salver: It was a mass matrix system that
was dcrived from the actual inertial properties of
the structure under test,

My, Cronkhite: So you developed a mass ma-
trix for vour actual structure?

Mr, Salver: Yes,

Mir, Cronkhite: Did you use a lumped mass
matrix or a consistent mass matrix?

Mr, Salver: We used a diagonal mass matrix
without any off diagonal terms,

Mr, Cronkhite: How does this work in dynamnic
response analysis? Do you find this adequate ?

Mr, Salver: It worked very well, I think it is
the best approach.
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OBJECTIVE CRITERIA FOR COMPARISON

OF RANDOM VIBRATION ENVIRONMENTS

F. F. Kazmierczak

[

Lockheed Missiies & Space Company
Sunnyvale, California

Analysis of random vibration requires an objective means of accounting for time
and amplitude. Use of the peak exceedence curve, the exsected number of cycles
to exceed some peak amplitude, provides a technique for including both parame-
ters in measuring the damage potential of environments. The procedure is based
on the Rayleigh Distribution of peak amplitudes in narrow bands and provides a
simple method for comparing random vibration environments. An extension of
this technique, utilizing Miner's Rule, provides a procedure for more accurately
measuring the potential fatigue damage. Two detailed examples of how this
general methodology is applied are presented.

INTRODUCTION

Equipment for missiles and space vehicles must
undergo numerous random vibration environments,
both on the ground prior to flight as well as during
the actual flight. In order to verify the flight worthi-
ness of equipment, qualification testing is usuvally
performed on mechanical shakers using 2 test spec-
trum which is more severe than the total flight item
exposure. In order to evaluate this qualification test
spectrum, it must be compared to several environ-
ments each of which has a different spectrum shape
and time duration. The most expedient procedure is
to set the qualification test level so that it envelopes
all of the environments and to assure that the test
time exceeda the total exposure time expected for
flight hardware. However, beczuse of the differ-
ences in time 2.4 amplitude between the various en-
vironments this spproach is overly conservative and
results in testing components at levels which may
produce unnecessary failures during testing, thereby
increasing the program cost. Therefore, a proce-
dure which incorporates the combined effect of time
and amplitude is desirable.

One method for achieving this goal is referred
to as the technique of peak counting. This method
assumes that the accumulation of peaks as a function
of peak amplitude is a realistic measure of the se~-
verity of the environment under consideration. The
underlying assumption made inthe development of the
peak count approach is that the vibration signals
being analyzed can be described as an ergodic sig-
nal, whose instantaneous amplitude is normally
(Gaussiar) distributed. In practice it is necessary
to retain the frequency information obtained from
the acceleration spectral density (PSD), and there-
fore it is also assumed that a broadband random sig-
nal whose PSD amplitude varies with frequency can
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be treated on & narrow band basis. These assump-
tions lead to a Rayleigh Distribution for the peaks.

The Rayleigh Distribution is used to derive a
peak exceedence curve, which is the number of peaks
expected to exceed some amplitude as a function of
that amplitude. The peak exceedence curve is used
as the common measure to compare the severity or
damage potential of different random vibration envi-
ronments. Two typical examples of how this peak
count analysis is applied is given in the discussion
that follows.

BASIC ASSUMPTIONS

The assumption that a broadband cxcitation can
be broken down into a series of r.arrow band signals
and each narrow band analyzed individually is con-
sidered justifiable since the peak count analysis is
used only for comparison between various environ-
ments. This analysis is accomplished by comparing
each narrow band on a one to one basis using arith-
metic operations, i.e., the summing or subtraction
of peak exceedence curves in each frequency band as
a means of finding the relative severity of different
environments. In thie context, the analvsis requires
that all of the narrow bands exhibit the same relative
severity before it is assumed that the broadband sig-
nals being compared have the same relation. Thus
any errors which may be introduced by performing
the analysis in narrow bands are consistent for all
environments and will have a small effect on the end
results.

The size of the bandwidths were chosen by con-
sidering the response of a singie degree of freedom
system. Since the bandwidth of the response of an
oscillator can be expressed as a percentsge oi the
center frequency, or equivalently a power scale. an
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octave Wype seale should be used for the peak count
analysis., A one~third octave scale is sugzested to
be consixtent with azoustic test data.

in addition to performing the analysis in marrow
bands it is aise necessary to assnme normally dis-
tributed signais in order to derive at a Rayleigh Dis-
trilution for the peaks. Experience with mechanical
shakers and reverberant chambers has indicated the
validity of this assumplion for these environments.
Although the normality of flight data has not been
directly verified, the outgrowth of this assumption,
(i. ».. Rayleigh Distribution of peaks) has been ex-
amined. shown in Fig. 1 is a comparison of flight
data to a fitted Ravleigh Distribution.  Some scatter-
ing of data is noted at the high sigma values for the
liftoff environment, and this is probably due to the
highiy non-stationary nature of this event. Although
the transonic ¢nvironment is also non-stationary it
varies slowly enough with time so that the peaks do
fit a Ravleigh Distribution for the short time interval
examined. Since the lifioff environment is a short
time duration event for most sace vehicles the
amount of error introduced by aswuming a swationary

_ signal is neghgible.

Additional asaumption® which sre necesaary in
the application of the peak count technique are con-
sistent with emgneeriog practive. Fnr example it is
necessary (0 assume that shaker testing simulates
the inrput seen on the vehiele, and that the dynamic
response of a structurc ia lincarly related io the
acoustic field excitaticn. Thus acoustic teat d.!!a
may be apyjropriatelv scaled.

DERIVATION OF PEAK EXCEEDENCE CURVE

As a result of asguming a normal ergodic proc-
ess in the narrow bawds, it can be shown {1] that the
probability density function for peak amplitudes (G's
zero to peak for randon: vibration) is a Rayleigh
Distribution of the form

PG = G2 e [-172 Gio®l G20 1)
PG - 0 elsewhere
where
rG) = Rayleigh probability denaity function
G - peak acceleration amplitude
o - Grms of random signal in narrow

frequency band of interest

The integral of this density function is the cumulative
distribution function whick when subtracted from

unity vieids the probability of exceedence. Multiply-
ing the exceedence function by the total number of
cveies vields the expected number of peaks which
exce *d a given amplitude, or the desired peak ex-
ceodence cutve, The result is

NGY - ftexp |12 G0°] G 2o @)
where
NIGY expected number of peaks to exceed

amplitude G
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center frequency of narrow band
time duration af signal-in seconds
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Actually this result predicts the number of cycles,
with two peaks sccurcing per cycle, which is oon-
sistent with defiaitions used for fatigue data, -

Although the above resuit is true only for sta-
tionary signals it can also be used to describe the
environm.ent even {f the Grms level changes with
time, as has been demonstratod in Fig. 1. In this
case the Grms time history is trested as a step
function with a constant Grma for each short time
interval. Summing the peak exceedonce curves for
each time interval yields

3

. ddration of tlme interval, seconds

k. = rolloff curve axpressed as a fraction of
the maximum Grms level

In this munner the time varying flight conditions can
be more accurately treated.

This peak exceedence curve represents the
basic measure which can be used for comparing the
relative severity of different environments. The

‘real value in analyzing random vibration by using

the peak count method is that the combined effect of
different environments can be easily obtained by
simply summing the peak exceedence curves for all
events of interest, resulting in one curve that rep~
resents the tofal cumulative damage potential for all
the environments.

Two typical applications which used this snaly-
tical procedure were (1) the derivation of an acous-
tic spectrum to be used for system level acceptance
tests, and (2) the comparison of equipment qualifi-
cation test spectra to predicted flight environments.

EXAMPLE 1 DERIVATION OF ACOUSTIC TEST
SPECTRUM

Objective and Approach

In this application an equipment section was to
be acceptance tested by subjecting the entire section
to acoustic excitation in a reverberant chairber.
Since all the components had already been tested
and qualified for flight it was necessary to assure
that the acoustic test spectrum to be derived would

not result in equipment heing exposed to levels which

would exceed their proven capability.

The overall approach used to achieve this ob-
jective was to analytically solve for the margin
available for acoustic testing in each frequency band
for each piece of equipment, and to use this margin
in deriving the acoustic test spectrum. This margin
was expressed as the number of peaks available
versus G {evel and was obtained by substracting
the cumuiative exposure (sum of the peak exceedence
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curves for wll flight environments) from the dexon~
strated capability {pesk exceedence curve for quali-
‘cation tesis). Acoustic testing of a development
prototype section had previously been performed and
provided the basic random vibration data needed for
predicting equipment flight and test environments.
An example cf this procedure is shown In Fig. 2
which shows the cuvmulative exposure and the demoi-
strated capability curves for one of the pleces of
equipment for the 315 Hz 1/3 rd octave band. The
resulting available life curve shown in Fig. 3 repre-
sents the amount of peak exceedences that could be
expended during acoustic testing.

Figure 3 graphically indicates one of the difficul-
ties encountered during the analysis. it shows that
the avallable life curve is negative at low G levels,
tndicating that the piece of equipment did not have
any additional capability. This negutive region re-
sults hecause the flight environment was a low amp-
litude relatively long duration environment whereas
the qualificstion test was a high amplitude short dur-
ation test. Since a large number of cycles at very
low G levels does not substantially contribute to the
cumulative damage of box components it was neces~
sary to establish a logica: lower bound on the G
level. Cycles with amplitudes below this level would
not be of interest for the analysie.

ESTABLISHMENT OF UPPER AND LOWER ROUNDS

An examination of the fatigue characteristics of
various materials was made to determine if a logical
approach could be developed for establisking this
lower bound. It is recognized that a {atigue argument
is mere appropriately applied at the point of intereat
in the structure, in this case the stress level of piece
parts inside a box rather than the vibration input at
the base of the box. However, the response of the
internal components is very difficult to predict, and
would require considerable effort. Further this
ctress is related to the input and by assuming the
stress is linearly related to the G level input, a
reasonable and simple approach can be derived. Suf-
ficient conservatism exists in the way the fatigue
argument is applied so that any errors induced by
this assumption of linearity are considered negligible.

Fatigue is usually examined on the basis of an
S§-N curve which plots the number of cycles to failure
as a function of stress level. Fatlgue curves for fer-
rous alloys will have a characteristic knee at stress
levels of 0.2 to 0.6 of ultimate. Below this stress
level the number of cycles to failure is indefinltely
large. The stress level at which this knee cccurs is
referred to as the endurance limit, or when normal-
ized to the ultimate tensile stress. the cndurance
ratio. For non-ferrous material this knce does not
usually occur, and in this case the endurance limit
is usually taken as the stress level at 107 or 108
cycles. For the present example the worst case total
time duration was about 10 min, and the maximum
frequency 2000 Hz so that the maximum number of
cycles encountered was (10 min) (60 sec/min) (2000
cycles/sec) = 1.2 (106) cveles or about an order of
magnituds iess than the above definitions. Hence.
the above deflnltions of the endurancc ratio arewithin
the scope of the analysis.

45

Endurance limits were obtained for varjous
materials and examination of this data ‘ndicated that
for most metals an erdurance ratio of 6.2 t0 0.3 is
a reasonable estimate of the lower Lound. While 2
iower value of 0.2 is a reasonablc approximation for
metals this i3 not necessarily representstive of all
materials used in the construction of electronic
equipment. which would include fiberglass, plastics,
ceramics, etc. Caly a limited amount of data was
found concerning the fatigue properties of these
materials, and this indicated that the fatigue proper-
ties of non-metallic materials v.cre not as favorsble
as metals.

Another important consideration in fatigue is
the effects of joints and atiach points on the mate-
rial. Fatigue tests are typically performed uzing
smooth specimens, lacking the holes. sharp points,
and attachments characterigtic of real equipment.
These factors result in local stress concentrations
which reduce the fatigue life of the material. To
account for the above considerations, and also to
account for other possible cffects such as tempera-~
ture, mean stress. etc., it was deciced to use an
endurance ratio of 0. 10 as an engineering appraxi~
mation of the fatigue life limit of equipment.

Usc of this endurance ratio was made in the
analysis for determining the lower amplitudc limii.
Below this limit little cumulative damage is ac-
quired, and therefore peaks below this amplitude
are not included in the comparison between environ-
ments. in order to use this endurance ratio the ul-
timate capabillty of the box must be kmown. Since
the ultimate capability of a box cannot be obtained
without data from destructive tests, a conservative
approach was used by defining the ultimate strength
as the maximum input acceleration peak experienced
by the box. This muximum peak is obtained from
the demonstrated capability curves for each box by
finding that G level for which the expected number
of peak exceedences equals 10. Justification for
picking this point of the curve is given below. The
lower bound, GLB. equals 10 percent of this level.

Since the peak exceedence curve represents the
statistical expected value it is necessary to define
the ultlmate bux eapability in terms of a confidcnce
level. 1t is desired to have a high degree of cenii~
dence that at leact one peak exceeded the defined
capabllity level during the qualiflcation tesi.

Defining the confidence ievel as Ci(G). the
probability that at Icast one peak is greater than G.
then C(G) can be expressed as a function of N3 .
Let

N(G) = expected number of peaks to exceed G
No = total number of peaks that occur
P(G) = probability that any one peak is

greater than the leve! G
Then by definition

NGy = .\'OP(G) or
MGy - NG) "No )

T



Since the prohability that one peak is greater than G
15 PGy amt Ng peaks occur cach with the same
probahility then this process represeats a binomial
distribution with
N
CGH 1= - PG )

In order to evaluai2 tins confidence level it is neces-
sary to use a normal distribution approxmation to
the binoinial. This approximution is ;/.«od for np >S5
ad nil-p) > 5 vhere n equals the sample size
and p -~ probability of a success (i. e.. peak exceed-
ing. GG). For the present case with NiG) « No

mp - N [l.\“’—'] = N©G) (©
o
and
nu-p)=.\i01-"“—m]=xo @
L o

Therefore. this approximation is good for N(G) > 5.
Using this normal distribution approximation the
confidence level is

CG) = PZ >G) (8)

where Z has a standard normal distribution and is
defined as:

7 = X - np - 1 - NG) )
mpa - pl?  ne?

In this case x = 1 since it is desired to have at
least one peak exceed the amplitude G, and

p << i. For N(G) = 10 the confidence level
equals 99. 78 percent, which ts ccnsidered more than
sufficient for the present analysis.

Since the probability distribution for peaks is a
decaying exponential function of the peak amplitude,
the number of peak exceedences becomes very small
for large G amplitudes, and therefore it was also
decided that an upper bound on the range of values for
G was necessar; . maintain a realistic region of
interest. The upper bound chosen was that G amp-~
litude, where with 90 percent confidence, all peaks
were below that level. The upper bound, GUB, then
occurs where the number of peak exceedences equals
0.1. This can be shown as follows.

Define the confidence level, C'(G) as the proba-
bility that all peaks are less than the level G. Since
the prohability that one peak is less than G is 1 -
P(G) and N, peaks occur, each with the same prob-
ability, then this process represents a binomial dis-
tribution, and the probability that all peaks are less
than G is

Np
C'G) = [1 - PG)]) (10)
Since P(G) << 1, i.e., the probability that any one

peak exceeds amplituide G is small, the above
expression can be expanded as
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C'G) =1 - Kom) +z—? Pﬁ)z =.eee (1D

Now substituting the previously Jerived relation for
PG ? BQO “),

C'(G) = 1 - NGy + 1/2 N(G)z-... 12

which is independent of and therefore represents
the confidence level for all frequency bands. For
RG) - 0.1, C{G) = 0.90 or a 90 percent confi-
dence level that all peaks will be below G amplitude
where the peak exceedence curve equals 0.1 peaks.

A schematic of how these upper and lower bounds
are applied is shown in Fig. 4. From the demon-
strated capability curve the maximum stress capabil-
ity, Gmax, i8s read where N(G) = 19 peaks. Toe
lower Lound, GLB, equals 10 percent of %'.ds level.
On the peaks availabie curve the upper bound, GUB,
occurs where N(G) = 0.1 peaks. That portion of
the curve which is between these bounds is of inter-
est. These bounds are shown on the available life
curve in Fig. 3.

DERIVATION OF ACOUSTIC TEST SPECTRUM

Subtracting tie cumulative exposure from the
demonstrated capability results in a curve referreG
to as the available life or margin. This curve (solid
line in Fig. 5) represents the demonstrated life or
the number of peaks availcble for vehicle acoustic
testing. A curve of the form FT* exp (-1/2
G/Grms®*), or a Rayleigh Distribution, represents
the number of peaks consumed during a vehicle
acoustic test of constant amplitude and durstion T*
and can be fitted such that it intersects the peaks
available curve at both the upper and lower bounds
t1ashed curve in Fig. 5).

Results of the analysis indicated that the avail-
able life curve exceeded a Rayleigh Distribution
curve that was fitted to these end points and this fact
was used to obtain the acoustic spectrum. This was
done by assuming a test time, and then solving for
that Crms which will result in the peak distribution
curve for the acoustic test passing through either the
lower or upper bound, whichever is limiting for the
assumed test time.

Grms = c[-z In [%‘Srﬂ”-m (13)

The Grms level that fits this curve through the up-
per and lower points can be obtained by substituting
the values for GLB, N(GLB), GUB, and N(GUB)
into the above expression. That point which yields
the smaller Grms represents the limiting case.

Ratioing this Grms level to the predicted maxi-
mum flight level results in a delta dB, referenceu 10
flight, which the particular box being examined can
be tested to during vehicle acoustic tests in the 1/3
octave band under consideration, or




2
adB - 10 log% (14)

Applying this delta dB to the predicted maxi-
mum flight acoustic spectrum yields the desired test
spectrum. By varying the test time a curve was
constructed representing the maximum level a par«
ticular box can be subjected to as a function of time.
This is shown in Fig. 6 and indicates that tor the ex-
ample considered as much as £-1/2 min of acoustic
testing at maximum flight levels could be performed
on the ground. By examining all the boxes the maxi-
mum acoustic levels that the entire equipment sec-
tion could be subjected to was derived. Using this
approach it was possible to establish a spectrum that
was nearly 10 dB higher than was considered possi-
bie before the analysis, with the new test levels rep-
resenting 2 meaningful acceptance test.

EXAMPLE 2 COMPARISON OF QUALIFICATION
TEST TO FLIGHT ENVIRONMENT )

Objective and Approach

Another typical application using the peak count
analvsis was comparing a series of qualification test
spectra to a predicted flight environment. in this
case a new system design made use of a conriderable
number of components qualified for other programs.
As a result much of the equipment did not meet the
qualification test requirements of the new program,
even though they had already been tested. In order
to save the cost of requalifying this equipment a peak
count analysis was performed to show that this
equipment was flight worthy for the new program.

The approach used was to compare the peak ex-
ceedence curves for the qualification tests per-
formed to the curves for the predicted flight environ-
ments. If the qualification t:st data exceeded the
flight environments on this nasis in ull frequency
bands then the box design ‘vas considered flight
worthy; otherwise a retest would be necessary. For
most unite this approac’s was sufficient, however for
a few of the componen’s the peak exceedence curves
intersected as showr in Fig. 7 in one or two fre-
quency bands. Based on engineering judgment the
small amount cf overlap that resulted was not con-
sidered significaat and in order to justify this posi-
tion a refined frtigue argument was developed.

FATIGUE CONSIDERATIONS

The couservative approach described in the
former paragraph ignores the fact that fatigue dam-
age can be traded off on a amplitude cycle basis by
applicaticn of Miner's Rule (2]. The following
analysis was developed to apply Miner's Rule to
measure the fatigue damage of random vibration,
based on the peak distribution data obtainable from
the peak count analysis. This fatigue life measure
was derived using ‘he base acceleration input and is
dependent upon the actual demonstrated capability of
the box, Base input was used since this is the most
convenient common interface between different en-
vironments. Using actual test data to define the
maximum capability of the unit assures the conserv-
atism of the analysis, and results in measuring the

fatigue life of the flight envirurment relative to the
fatigue life of the qualification test.

In addition to the assumptions made for the peak
caunt analysis the following two are also reguired:

1. A fatigue life curve (S-N curve) is a mower func-
ton (straight iine on a log-log plot) passing
through the ultimate stress level at one cycle

2. The stress level of internal components :n the
box is linearly related to the base acceleratich
input

The first assumption is sufficiently conservative for
the range of interest and therefore is considered ac-
ceptable. This is graphically skuwn in Fig. 9 which
plots the assumed range of fatigue life curves used
in the analysis to the actual fatigue curves for alum-
inum and magnesium. As can be scen the assumed
fatigue curve range is considerably conservative.

The second assumption is considered reason-
able since the analysis i based on the statistical
properties of random vibration, and the response of
a simple osciliator is directly related to the statis-
tical properties of the base input. Although an elec-
tronic box is much more complicated than a single
degree of freedom system, the errors induced by
this simplification are not considered excessive and
using this approach results in a practical analytical
procedure.

The first assumption results in a relation for
the number of cycles to failure as

_ .o~B
Nr-cs

which can also be written as

N = (s/suu)'B (15)
where
Nt = number of cvcles to failure at
amplitude S
S = maximum stress level per cycle
sult = ultimate stress level of specimen

+B

¢ = proportionaltly constant = sult

B = slope of fatigue life curve

The second assumption implies that G/GULT can
be substituted for S/8;;; or

N = G/cuLT)"B (16)

where

G = base acceleration input (peak ampli-
tude per cycle)
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GULT maximum acceieration peak box can
withstand for one peak.

Equation (16) gives :« measure of the number of
cycles o failure as a function of the kase accelera-
tion inpin and tL¢ slope of a fatigue curve which would
enconipass ail materials inside the box. In order to
apply this equstion it is necessary to derive values
for the parameters, B and GULT. To do this use
is made of Miner's Rule and the demonstrated
capability of the box.

Miner’s Rule states that the fatiguc iife con-
sumed can be expressed as

FL },“i/"i ian
:

where
FL fatigue iife consume~d

n. number of cycies occurring at some
amplitude §;

Ni = number of cycles to failure at that
amplitude Si

When FL = 1 then all the fatigue life has been con-
sumed and a failure can be expected. This rule is
used in the present analysis by assuming that the
fatigue life for the demonstrated capability curve is
the maximum possible or FLcapability curve = 1-
if we define

, . 1a6) - nig - L
ANG) N(G 504G) - N{G - 3 aG)  (8)
where
N(G) = number of peaks expested to exceed
amplitude G, from peak count
analysis
AN(GY - density of or number of peaks ex-
pected to occur in interval
G-1/24G to G+ 1/24G.
Then using Eq. (16) for N; results in

FL - (1/GULTE ZGiBAN(Gi)
i

capability (Eh

Since the fatigue life of the qualification test is as-
sumed to be the maximum possible, then FL =1
and either B or GULT can be solved for. Unfor-
tunately insufficient restrictions exist in order to
solve for both quantities so that it is necessary to
assume a range a of values for one parameter and
then solve for the second.

Physically B is related to the slope of the
fatigue curve, with a range of values from 5 to 20.
if B is large, then the specimen has a very flat
slope or experiences very litile fatigue damage even
when exposed to amplitudes near ultimate. Since a
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fixed distributi-m of peaks exigts for the demonstra-
ted capability data, which is conservatively acumed
to have the maximum fatigue life, then it follows that
the uitimate G capability of the box does not have to
be very large; i.e., peaks with iow amplitudes do
not co:tribute significantly to the fatigue life con-
sumed because of the laige number of cycles tofail-
ure at these low amplitudes. Therefore, an assumed
large value for B means a small GULT, and em-~
phasizes the large amplitude peaks.

Assuming a small vaiue for B means tahe
fatigue curve drops very rapidly, or that nearly all
peaks, regardless of ampiitudes, contribute signifi-
cantly to the fatigue life consumed. Again since a
fixed distribution of peaks is assumed to huve a
fatigue life of one, it follows that the ultimate capa-
bility of the box must be very large in order to bal-
ance this "poor" fatigue curve. Ther=fore, a low
value for B leads to a large value for GULT, and
emphasizes the low level peaks where most of the
cycles occur.

Since either of the above situations is consid-
ered posstble for base input to a box, the approach
used is to assume a range of values for B and then
solve for the GULT value as a functionof B.
These values for GULT are then used in calculating
the fatigue life for the environment of interest, as a
function of B. It is important to note that GULT
is a mathematical parameter used in comparing en-
vironments and is not considered to be a realistic
measure of the absolute physical capability of the
box.

An outline of the cverall procedure is as foliows:

1. Obtain AN(Gj) from the peak count analysis for
exposure and capability environments.

2. Assume a value for B and solve for GULT
using the demonstrated capability curve and
Eq. (19) with FL = 1. Repeat for range of
valuesof B= 2 to 20.

GuLT? - ZGB ANG))
i fcap

3. Using the above values for GULT obtain the
fatigue life consumed during the expected
environments, i.e., exposure.

. B\ .B
FLexp = (1/GULT)™ )G, AN(Gi)exp

4. If FL < 1 for ali values of B, then box has
sufficient demonstrated capability. Repeat for
all frequency bands.

This analysis was performed for the example
shown in Fig. 7 with the results given in Fig. 9. As
can be seen the fatigue life consumed during the
flight environments, relative to the qualification
test, increases at the low and high values of B,
corresponding to emphasizing the high G and low G
levels respectively. In both these rcgions a small
amount of overlap occurs. The maximum value
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calculated for the fatigue iif- s0.66at B - 20, In~
dicating thst if this fatigue siope spplies then the
worst case {light exposure wll only consume about
66 percent of the fatigue life that was demonstrated
during the qualification test. By this means it was
possible o prove the flight worthiness of a number
of boxes and thus avold unnecessary retesting and
the associated costs.

CONCLUSIONS

The peak count analysis represents a valuable
analytiez] procedure in the analysis of randon: vibra-
tiev:. especlally In the ficld of test requirements for
¢ npment mounted in missiles and space vehieles.
iteasonable justifieations exist for the assumptions
v hirh are neccssary in developing and applying this
anzlysis, and v:ith these assumptions a siniple and
practical anal;sis ean be performed from which logi-
cal engireering conclusions ean »~ lerived. Because
the analysis objcetively aecounts for both time and
amplitude as parameters it provides a more realistic
means of combining the effects of dissimilar
environments.,

With the use of additional supporting arguments
the general peak count analysis ean be applied to a
wide variety of problems, of whicli two examples are

presented. The first exrmplie showed how the tech-
nique can be appiled (o werive an acoustic test spec-
trum for ground tests. In the second example a
fatigue argument was developcd, utilizing Miner's
Rule, in order to comyare the relative severity or
potential fatigue damsi;i of dissimilar environments.

Tue examples pointed out the general methodol-
ogy of applying the peak count analysis. Use of this
techinique can result in the remaval of a considerable
amourt of unnecessary conservatisin in the analiysis
of random vibrauon, which leads to more realistic
flight predictions, test requirements, and eventual
savings in system weight and costs.
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DISCUSSION

My, rubert (det Propuision Laboratory): Be-
canse vou are tdKing about the number of peaks
associated with the ievels, T wonder if you are try-
itg to run a fatigue test or an equivalent fatigue
test,

Mr, Wrenn: No. we do not want to run a fatigue
test at all, We @ re just associating the number of
peaks with essentiatly the wear that a particular
picee of cquipnwent experiences, and we are relating
that wear to eventual wearont sud failure of that
particular box, So we ire using it as a tool for
« sduating the accumuiative exposure that these
piceds of equipment see dve to random vibration,

AMr, Trubert: You could have a very high level
for a smali number of peaks or a low fevel for a
high namber of peaks, Do you assuine it is the same
thing ?

:\Ir, Wrenn: They are both handled the same
wiv in the analysis, And this is the tride-off that
vou can make, You can make comparisons this way
objectively rather than nonobjectively,

Mr, Trubert: So this is the same idea as fa-
tigue ?

Mr, Wrenn: No, but it is related to fatigue, 1
should mention in conncetion with this peak count
technique . that the qualification testing of these
hoxes mercely establishes a certain number of
peaks that they have scen, They may see far in
excess of that before they actually faii, But they
have not been proven for that increased number of
peaks because their qualification testing has not demn-
onstrated it,

Mr, Galef (TRW Systems): What weighting
technique did vou use to weight the large number of
smill peaks against the small number of large
peaks?

My, Wrenn: Just count the peaks,

Mr, Galef: That is really not sufficient, Cer-
tuinly two 50,000 psi peaks are more to worry abhout
than one 50,000 psi peak, 1t is not clear that two
50,000 psi peaks are worse than onc 60,000 psi
peak,

AMr, Wrenn; First of all we have to realize
that we ar. talking about levels that are of the same
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crder of magnitude, If you go to non-order-of-
magnitude levels, eertainly the technique may break
down because it assumes it is linearly related to tne
total exposure, That may not be the case when a
box is exposed to a very high level, and then you
come in with 0,01 or 0,001 of that level, One must
examine the whole technique over again,

Mr, Galef: 1 thought you were trying to con-
sider the shipping environment along with the flight
environment and other environments, This is not
the ease?

Mr, Wrenn: That is right, we are,
Mr, Galef: But these are orders <: magnitude,

Mr, Wrenn: Yes, they are orcers of magni~
tude, but we stiil feel that the assuinptions are
valid and at least our flight measure.nents indicate
that they are valid, So you are right, There are
some bands where it goes over; we stretch it a
little bit, Sometimes we stretch it a lot, but it
seems to work, 1t is a new technique, 7 should
point out. We have not done it this way for a long
time and we are starting to explore. it, There are
lots of improvements that can be nade,

Mr, Christensen (Naval Weapons Center):
You had failures on qualification rest items prior to
using this method of analysis, Di: you use this
method of analysis on spectra applied to your failure
samples? That is, you had articles that failed
previously and you obviously had envelopes for them,
Did you count the theoretical peaks in these en~
velopes and compare them to the peaks you came up
with here?

Mr. Wrenn: This technique in the past has been
usefui for some very nutsy-boltsy type probiems.
For example, someone might put a piece of equip~
ment on a shaker and, instead of running for 3
minutes for a test or 1 minute for an acceptance
tcst, he lets it run for 5 minutes, or the shaker
runs wild, So here is a person with a box that
costs $60,000, and he wonders whether he can fly
it or not, He wants to have a little more confidence
that it will perform properiy. We use this tech-
nique as an engineerlng tool, Just hecause the peak
eount says it is no good It does not mean we are not
going to fly it, We want to take a look at the big
picture,
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THE APPLICATION OF ANALOG TECHNIQUES
TO REAL TIME ANALYSIS AND SCREENING OF DYNAMIC DATA

Roger C. Crites
McDonnell Aircraft Co.
St. Lcuis, Mo.

fatigue damage and buffect are discussed.

The necessity of handling large amounts of dynamic data in order to compute com-
plex time variant parameters led to the conception of highly specialized analog :omputer
techniques which enablc data analyses and sorting at a small fraction of the time and cost
requised by a digital co:npuscr. Thesc techniques were developed to facilitatc ground test
assessment of engine-inlet compatibility. The need for, development and successful use of
these techniques are described, anc potential application to such studies as cumulative

NTRODUCTION

The objective of determining dynamic engine-inlet com-
patibility from independent tcsts of engines and scale models of
the proposed inlets is to permit selection of compatible designs
prior to full scale testing. Successful attainment of this objec-
tive substantially reduces the chance of developing an engine
and inlet which work well individually but do not perforin well
together. Fortunately, as it turned out. the amount of data re-
duction required to achieve this goal by the usual application
of digital computer technology represented not merely a high
cost, but an impossible cost, both in time and in money.

In resolving the dilt2mma, a useful philosophy involving
the application of special-purpose analog computing techniques
evolved. This philosophy has proven vselul for other than the
original application. It is anticipated that this epproach will find
profitable employment in many other applications in the acro-
space invi:stry.

COMPATIBILITY ASSESSMENT

With the advent of high performance aircraft utilizing an
ugmented turbofan propulsion unit. airframe-engine compati-
sility has emerged as a prime consideration in the selection of
airframe and engine designs. The very high degree of compati-
bility necessary to realize the full potential of the aircraft
necessitates an inlet-duct design which presents th» engin= face
with a relatively low level of prescure distortion inasmuch as
the engine is sensitive to steady state pressure gradients and to
fluctuations in the pressure which b.ve a duration time at least
1s short as one revolution of the ccinpressor. That is, certain
pressure patterns or distributions at the compiessor face will
adversely affect engine performance if that pattern persists for
one full revolution of the compressor or longer.

As shown in Figure 1, the independent determination of
compatibility essentially involves determining whether or not
the proposed inlet design produces any of the pressure patterns
which cause instability and loss of engine performance, and if
s0, to what extent and at what conditions. This is accomplished
by analyzing the pressure patterns affecting engine operation
and generating explicit mathematical models. The models are
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smpnrical or s2 i crypirical and are used to establish distortion
indices which may be evaluated for any given pressurd pattern
and indicate tlic relative “guodness™ or “*badness™ of tirat
pressure pattern se far as the engine is converned. That is, a
particular pressure pattesn will yield a numerical distortion in-
dex with regard to a particular engine. If the index is below a
certain level, engine performance will be unaffected, but if the
index approaches this limit or exceeds if, engine performance
will suffer.

et Evalyation for
Distortion N
Ielgt Pattems Analysis ! Aspiicable
Tests Produced Distortion
Parzmeters
Airtrame and

Engine Design
Choice

Engine Sensitivity G;::z::: v:'
Tess ¥ gil:::rﬂnlsm Distortion
Parameters

Figure 1 - Independent Selection Scheme

Any inlet design which produces pressure patterns with a
very low distortion index for a particular engine is said to be
compatible with that engine. Any inlet design which delivers an
index above ihe engine limit value would result in an aircraft
which could not Julfill its performance requirements, and re-
gardless of how well the engine and inlet would perform
separately, they would be incompatible.

To determine the compatibility of an inlet design with pro-
posed engines. a wind tunnel test of a scale model of the inlet is
necessary. The compressor face location is heavily instrumented
with total pressure probes. Each probe provides a measurement
of the local mean totul pressure component, and the local fluc-
tuating or dynarnic pressure component. Fifty such probes at
the compressor face are typical of the quantity of instrumenta.
tion employed. The dynamic components are recorded on a




sotslamt bandwadth mulliplex system to provide a hugn tnhe
base conelation between all channcks. The steady state com-

ponents ate revotded by the wind tunnel digitsl data acquisi-
1 syrlem.

Frowm ther Jats the distortion indices 1aust be evaluated.
Typwsily, th evaluation must inchixde about 5000 samples per
second to Be sure of containing the highest frequency of in-
twiest, A typecal Test program consists of aba 1000 runs, each
30 seeonds bong. which are necessaty to cover the performance
envelope of the inlet. The indantancous pressuses at the 50
peobes are wsed 5000 times per second to calpulate several dis-
fortion indices, For 2 single test program such us thes, the

. quantity of rzw dsta that must be fed to a digital computer is
“about 7.5 bithon data values, or, for 10 tests, about 75 billion.

The quantity of daty to be analyzed is staggering. And
event if the money required to provess this quantity of data
would have been available, the time required to complete the
job would make the aircrift obsotete before it flew. Further-
more, even if the actual data processing could be done in rea-
sonable time at reasonabk: cost, the result for one run in one
test would be 150,000 vahwes of each distortion index com-
puted, or 1 50 matbon values per distortion index per test.

Each value must be examined te determine if. at any point

in the performance envelope, the inlet has produced a pressure
pattern incompatible with the engine. If this ¢xaminatior. is to
be performed by people, one test would requive about 125,000
manhosrs merely to kook at the reduced data for only one dis-
tortion index. Therefore the cost and time required for data
redud ion were unreasonably, and in any case, the reduced data
would be more than could be reasonably rrviewed even if the
processing could be accomplished.

It was apparent that an entirely new approach was neces-
sary. -

THE ANALOG COMPUTING EDITOR APPROACH

The now approach required a minimization of the quantity
of data to be reduced for assessment. This indicated the need
for a method of identifying a small time slice (about 0.1 sec-
ondi witich contamned (i raw dala represenang The worst pres-
sure patiern, or worst value of distortion index, that occurred
during the entire run, and marking this time slice on the data
tape. This identification would allow selection of this “worst-
case” for digital processing of the buildup and decay of the
worst distortion that occurred during the entire run. This pre-
cise processing requires only about 3 tenths of | percent of the
data handling necessary to compute distortion parameters for
the full run. Knowing the worst that happened is not quite the
same as knowing preciscly what happened all the time, but the
result is the same. Obviously, if the worst that happened corre-
sponds *o a distortion index below the level that produces ad-
verse engine effects, the rest of the run could not produce ad-
verse engine effects, and the inlet and engine are compatible at
that 1uu vondition. Tikewise, T e woist case Gistortion index
15 above an acceptable [evel. the inlet and engine are incom-
patible for that run condition regardless of how well the inlet
operated Juring ine rest of the run,

Besides having some sort of system that locates and marks
e w o o win o Ve Sate Wi, W ey desmsble Lo
vide the engineer ut the test site with some immediate on-line

data to enable him to ssvess the progress of the test. Without -

this data, the test camacct must proosed biindly, with oo ksow- -

Iedge of the occurrences during the test ustil after it iz over.

Much time covid potentially be saved by boing able to recogwize

a problem winle still in the field and take corrective action im-

medsately rathes than waiting sevcral woeks after the test todss

cover the nocd for 3 minor change. = o
Figure 2 shows how both of these posls were accomplishod

The heart of the system is an analoz computer which looksat -

all steady state aind Suctusting totsl pressures simuMancously

as the data comes off the line, and computes instantancous

values of several disiortion indices trom instantancous values

of all o its total premure inputs. The fag tisee associated with

the competstion is essentially negligible, 30 that for all practical

purposes, the raw data and the comguted distortion parameters

coexist at the same instant in-real time. As a rus progresecs, the

steady state prersures are sampled and remembered.

The fluctusting pressi: res enter as time historics, and the
analog computer produces corresponding time histories of the
distortion persmeters of interest, This real tia: distortion is
avaitable for monitoring by ci.gincering personne on a real time
display on oxcilloscopes. Silions of the time histories of dis-
tortion parameters are abso recorded for immedinte review as
vscillograph traces, and a pesiancn: record is made via FM tape.
In this manner real time, on sife reduced data is available.

A peak detector circuit looks at the oufput time histowy of -
each distortion paramezer, which continually updates itself
during a run so that its Sutput is always cqual to the highest
value of distortion index that has occurred up to that point in

- the run. At the end of the run a’button is pushed and the high-

est value of cach distortion index that occurred during that run
is displayed on a digitat pancl merer and printed for permanent
record by a digital printer. The peak detector is then reset prior
to the initiation of the subsequent run. The time history and
worst value of distortion are therefore avai'able ondine in real
time as the test proceeds.

In order to determine when the worst case occurs and mark
the raw data tape at that instant, 3 Ze70 CTosSing ¢ SMpaTator
and pulse shaping network look at the output of the peak de-
tector. When a peak in distortion exceeds the value locked in
the peak detector, the peak detector updates to the higher
value. causing the comparator to emit a pulse. The shapu.g net-
work shapes the pulse into an easily recognized electronic flag.
This flag is recorded on the Vidar multiplex system on a blank
track. Since the raw data is recorded on the other tracks ¢f the
Vidar system, and sincc negligible time has elapsed from the
time the raw data which caused the peak in distortion occurred
until the resulting pulse or flag was recorded, the electronic
marker on the raw data tape locates the position of the pres-
sure data which caused a peak higher than any preceding peaks
in that particular distortion index. The result is a series 0
proftses recorded on e Tow Jata tape. Each sicceeding puise
marks the time that a new high in distortion occurs. When the
worst case occurs, the peak detector locks that value in, and
sifice 18 e woist vase, it will aot wpdate dbai-'. il G
ally reset for the next run. Therefore. the [ast pulse, which is
generated when the peak detector detects the worst case,
reprewer 4 e Joe ion of (e dowe corresponniog o e worst
distortion. or worst pressure pattern in that run,
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When the recorded raw data is analyzed (post-test), the 12 T ] LA
data tape is run backward and the critical pulse marker tyuck is +— Digital 1
monitored. When the first palse occurs (which will be the worst (1 Digital
case puise because the tape is running backward), an automatic
delay system puts another electronic flag on the tape about 50 4

milliseconds after the pulse. Since the tape was running back-
ward, this new marker pulse is actually 50 millis~conds prior to

the time of oc.urrence of the worst case distortion. The tape is ) Ansieg - Asaleg
now reversed and run forward. When tne new marker pulse is ]
encountered, 100 milliseconds of digitization automatically be- 4 1

gin. This time slice that is digitized contains at its center the
data which reflects the worst pressure pattern occurring during ° i}
the entire run, 0 20 # ¢ & W06 20 0 & 0 10
Time - Millisacoads

Figure 3 - Comparison of Analug and Digital Computation

This digitized wors? case time slice is used to obtain com-
putations of the distortion parameters, and to generate pressure
contour maps revealinr the physical pressure pattern responsi-
ble for the worst case-gistortion index. The values of distortion
index obtained by the digital computer can then be compared to
that portion of the distortion index time history generated by
the analog computer. A typical example ot the results of this N
sort of comparison is shown in Figure 3 for two different dis- S aien
tortion parameters. Typically, the deviation between the worst | el iRt
case distortion index obtained by the analog computer, which bl g
is available on-line in real time as the test proceeds, and the
value obtained by the digital computer from the raw data dur-
ing post-test operation, is about 5 percent.

Figure 4 is a photograph of the analog computer, which
occupies three 19-inch racks. The electronic components util-
ized in the fabrication of this device are standard, off-the-shelf
items, such as integrated circuit operational amplifiers, diode
function generators, diode selection networks, etc. The straight-
forward design of the computer system can be illnstrated by o
block diagram schematic of one of the simplest distortion
parameters that has been used.

Figure 4 - The Combined Analog Computing Systen
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Figure 5 - Analog Calculation of MID

The parameter chosen for the purpose of illustration is de-
fined by Equation (1).

l’tmax - l’tmin

MID= _p‘l‘—— )

where MID is the maximum instantancous distortion, Ptmax B
the instantaneous maximum total pressure at the compressor
face, Py . is the minimum instantancous total pressure, and
Py is the average value of the steady state component of the
total pressure. This parameter is by far the simplest of the five
parameters normally calculated with the analog computer.

As seen in Figure §, the steady state values of total pres-
sure enter Block 1 and are maintained by a sample-and-hold cir-
cuit. The fluctuating pressure components enter Block 2, where
they are summed with the steady state values to produce the
true dynamic pressure distribution in the inlet. This true dynamic
distribution is delivered simultaneously to Elocks 3, 4, and §.
Blocks 3 and 4 are diode selection networks which pass to
Block 7 values of the maximum and minimum instantaneous
pressure. Block § averages all of the dynamic pressures and
Block 6 removes the remaining fluctuating component to reveal
P, which is passed to Block 7. In Block 7, Ptoax ~ Pt
is obtained, after which the indicated division is accom%hed
with the aid of logarithmic diode function gencrators. The re-
sultant M{D time history is displayed on the real time distortion
display, recorded on tape and peak-detected. The output of the
peak detector is viewed on a digital panel meter and printed on
a digital printer, and it is used to drive the critical time pulse
marker, as illustrated in Figure 6, to flag the worst case occur-
rence on the raw data tape. The various other parameters which
tne computer system employs are calculated in much the same
manner but are considerably more involved.
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1ne analog computer, as shown in Figure 4, has been suc-
cessfully used on seven major wind tunnel test programs, and
will continue to be used, This system provided on-line, real
time reduced data with an uncertainty of about 5 percent. It
also edited and marked the raw data tape so that the time re-
quired o digitally obtain an analysis of the worst thirg that
happened in each run was reduced by more than two orders of
magnitude with corresponding monetary benefits.
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OTHER ANALOG SYSTEMS USED

Two other analog systems have been employed with a
large measure of success. The first was developed when it was
discovered that a considerable quantity of data from a wind
tunnel test had been used to calculate some perametric time
definitions of the psrameters were slightly changed. 3t appeared
that the new definitioas would have to be programred and the
perametric time historics simply recziculated from the raw data.
Unfortunately, time was not available to accomplish this re-
computation. A small analog unit was then developed to apply
different weighting functions to the various parameters for
obtaining an output parametric time history which corre-
sponded to the new definitions. Tapes of the obsulete para-
metric time history were played into the analog device, and the
output of the system was recorded on another tape deck. In
this way the updated reduced data was obtained in 4 days (in-
cluding design and fabrication of the analog device) as opposed
to the estimated 2 weeks required to recompute from the raw
data.

The other system was developed in response to the need
for obtaining the average valuc of many true root-mean-square
(R.M.S.) pressures in an inlet model. An estimate of the cost
and time to digitize and compute the average RM.S. witha
digital computer was compared to the time and cost to com-
pute the same perameter on-line with a special-purpose analog
computer. The analog computer provided much greater *ime
savirgs. The analog system would also provide reduced data on-
line as the test proceeded. Cost comparisons revealed that the
analog approach, including the cost to build the system, was
nearly one order of magnitude lower than the cost to digitize
and utilize a large digital computer. Therefore, even if the
amalog unit was used on only onc test and then junked (it
wasn't), a considerable savings in money and time would be
realized. The analog system was built and used successfuily for
scveral test programs.

It must he conceded that the computational accuracy of
the digital computer exceeds that of the analog approach. But,
with present integrated circuit technology and careful circuit
design, analog computational accuracy can be kept within about
2 percent for most applications. When the equations being per-
formed are fairly involved, as with some pressure distortion
parameters where calculation of Fourier coefficients (among
other things) become involved, the calculation accuracy may
drop a few percent. The average true R.M.S. analog system de-
scribed was verified as having a worst case computational error
of about | percent.

1t must be remembered that calibration of dynamic pres-
sure transducers seldom, if ever, provides for less than 2 percent
uncertainty in the raw data, The need for extreme calculation
accuracy in such a case is questionable. However, even if ex-
treme accuracy is required, an analog system can perform the
function of editor, providing for a much more streamlined
digital reduction program, and still obtain a net savings.

Experience to date with dynamic data manipulation sug-
gests the following philosophy (as shown in Figure 7): 1f a
small quantity of dynamic data is to be mampulated, the cost
of tabricating an analog system 1s not warrantea, and digital
data reduction will prove most economical. If a4 large quantity
of data is to be handled and a calculation uncertainty of 2 per-
cent 1s acceptable, a special-purpose analog device can usually be

fabricated (0 accomplish the desired data reduction in much
less timne, and at 2 considerable cost savings. If a large quantity
of data is to be analyzed but great accuracy of calculation is
necessary, it may be possible, depending on the nature of the
analysis to be carried out, to perform on-line editing of the rav
data and then use digital computation on only critically im-
portant data samples.
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Figure 7 - Reduction of Dynamic Data

ANALOG APPLICATIONS UNDER CONSIDERATICN

The analog approach is presently being considered for ap-
plication to cumulative fatigue damage estimates and buffet
studies. Many schemes have been worked out for the estimation
of cumulative fatigue Jamage. Two of the most promising ap-
proaches will be discussed here to illustrate the possibilities.

The first scheme, illustrated in Figure 8, uses a spectral
weighting approach to estimate cumulative fatigue. Stress, ob-
tained from a properly located strain gage, is passed through an
instrumentation amplifier, Block 1, and on to Blocks 2 and 7.
The Fourier trunsform of the stress time history is obtained in
Block 7 for about 200 center freqrencies simultancously, over
an incremental data time T. The transform is converted into
power spectra in Block 8 at the 200 center frequencies and
passed to Block 9, which generates the parameter w, T/2sN .
wWy/2x is the Nth center frequency f;_, and T is the time incre-
ment for which the transform was oblained. w,T/2x is there-
fore the product of time and frequency, or effectively, the num-
ber of cycles which have occurred at that center frequency for
one calculation time T. N, is the weighting factor for the power.
which must be ascertained from experimental data, and repre-
sents the number of cycles to failure if that power amplitude
were maintained. w,T/2aN,, is therefore the linear propor-
tional damage sustained during time T, in the bandwidth
centered at fcn' The proportional damage contaned in the
entire spectra ts then summed in Block 10 and accumulated.
As time proceeds, the circuit operates sequentially and updates
the estimated fatigue damage at T intervals. This approach
might be applied to structures where the loading is random or
nearly random. Failure would be expected as the accumulated
fatigue index approaches unity.

Blocks 2, 3, 4, 5, and 6 do not concern fatigue damage,
but represent an overload protector. Block 2 takes the absolute
value of the stress, and Block 3 is a peak detector which main-
tains an output equal to the highest stress peak that has oc-
curred. If the maximum stress exceeds the limit level which is
set at Block S, the comparator, Block 4, activates an alarm
circuit which notifies concerned personnel that the item in
question is being subjecied to loads which could cause immedi-
ate and catastrophic failure, not from fatigue but from a
simple overload.
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When the (requency content of the stress time history 1 reset which will dump the values stored in Blocks 7 and 8 and
(airly well defined and the loading could be described as almost start these elements searching for the next peak and valley. Just
periodic. or distorted modulated sinuscidal, the system shown before the reset occurs, Blocks 10 and 11 compute amplitude
in Figure 9 might be applicd. The stress enters. as before, through  and mean value from the peak and valley being held. The ampli-
an instrumentation amplificr and passes to Blocks 2, 7, and 8. tude generates the number of cycles to failure in Block 13,
Blocks 2, 3. 4, etc.. comprise an overload atarm which is identi- while Block 12 generates a weighting function based upon the
cal to that described for the previous example. Block 7 detects meitn stress. The product of the weighting factor and the number
and holds a peak in the time history. and Block 8 detects and of cycles to failure is inverted in Block 15 and sccumulated in
holds the value of the valiey which follows the peak being held Block 16 upon signal from Block 9. The meter, Block 17, reveals
in Block 7. When Block 8 locks its value, Block 9 starts a delay the content of the accumulator. This represents the expended

fatigue life as a fractional index.
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This discrete approach is being considered for application
10 a protection system for intemal balances which are wsed io
measure force and moments on scale modei aiscrait in wind {un-
nel tests, A series of potentially catastrophic structural failures
of the balance components led to a failure analysis which indi-
cated that these failures were due to fatigue. It is anticipated
that a fatigue and overload device such as shown in Figure 9,
together with an adequate inspectioa system, could eliminate
the danger of a catastropbic failure and possible loss or Jamage
to a very expensive model and an even more expensive wind
tunnel.

Application of analog techniq'ies to buffet is still in the
speculative stage, but may have real potentizl. Under considera-
tion at the present time is a scheme which yields ondine statis-
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tical anatysss of many channels of fluctuating pressuse data
simultancously. Also being conridered is a system that would
allow the engincer to obtain cross-correlations between gronps
of pressure cells, thereby correlating integrated foree pattemns
rather than individual nressures. The preliminary circuit Jdesign
anJ cost analysis on these systems are not compiete, and it is
therefore not known whether or not they are economically
feasible.

SUMMARY

Experience at Mcbonnell Aircraft Company has proven
that in many cases a special-purpose analog device can be con-
structed and used to reduce dynamic data and/or cionitor and
edit raw data for later digital « mputer application with sub-
stantial savings in both time and money.




wwwv,.,.,,-,“
J

L b

P, T ——

SHOCK LOADING AND HOLOGRAPHIC INTERFEROMEIRY IN NPT

R. L. Johnson, R. Aprahauian and P. G. Bhuta

TRW Systems Group
Kedondo Beach, California

£ brief summary of the principles of holography and holographic
interferometry using both the continuous and pulsed laser is given.
Photographs of the holographic interferograms obtained of wavas
propagating in beams and plates are included. The surface dis-
placemeat of the bodies was obtained from the hologram at specific
times and i8 compared with calculated results. The calculeted and
experimental results show excellent agreement. Finally, an appli-
cation of pulsed laser holographic interferometry to nondestructive
testing, a subject of great current interest, is included.

INTRODUCTION

Pulsed laser holographic interferometry
offers an excellent method for the study of
dynamic events. The utility of pulsed laser
holographic interferometry is due to the in-
tensity and rapidity of the light pulses pro-
duced by the ruby laser. Sufficieat inteasity
for the construction of e holograam can be ob-
tained using pulse widths of as small as 30
nanocseconds and the pulses can be produced at
intervsls as small as 1 microsecond. As a
result the entire process of constructing e
doubly exposed holographic interferogram can
be conpleted in e time (v106 seconds) short
compered with the period of netural events.
Thus no special precautions need to be taken
to ensure stability of platform or ambient
air as is necessary when using continuous
veve (cw) laser holography. By employing
suitable filters and shutters pulsed laser
holographic interferometry can be performed in
a normal daylight work environment.

This psper contains the results of ssveral
experiments to measure the surfece displecement
caused by the impect losding of beams and
pletes. The imvact loading was effected by
striking the surface of the object using a
ballistic psndulum. Reference exposure of the
surfece was made just prior to impact. Subse-
quent exposure of the film to the ruby laser
sfter selected time intervals resulted in
interferograms giving the displacement of the
surface at that instent. By making several
sequentiel holograms the displecement time
history of the surfsce wave can be recorded.
The data obtained ere very accurste since no
instrumentation need be mounted on the test
object and errors inherent in accelerometer or
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strain gages calibration are avoided.

When the plate or beam is not mechanicelly
homogeneous, that is, it contains voids or
cracks, the holographic interferograms obtained
contain s record revealing the presence of the
imperfecticn. This is because imperfections
in the matevial scetter or diffrsct the im
pinging wavefront and act as a secondary source
which produces e wevefront thet interferes with
the veve produced by ballistic impact. As a
result imperfect panels or plates will displey
a charecteristic signature on the hologrephic
interferogram. The signeture can be ussd to
determine the presence of voids, cracks or
imperfections in both homogeneous and composite
materials. Thus a nondestructive testing tech-
nique of potential wide applicability is availa-
ble for the purpose of inspecting structures.

An experiment was performed using a com
posite beam fabricated of aluminum plstes and
aluminum honeycomb. Selected areas of the
honeycomb were debonded from the plate. A
pulsed laser holographic interferogram was made
of the surface of the plate to record ths wave
induced by impact of a ballistic pendulum.

The interferogram clearly showed the existence
of the debonded areas.

TECHNIQUE OF HOLOGRAPHY

The term "holography" is used to describe
a means of recording the amplitudes and phases
of waves, such as light waves or sound waves.
Hologranhy originated with Gabor (Ref. 1) who
pointed out the possibility of recording (on a
plece of photographic film) the amplitudes and




phases of coherent, monochromatic light waves
transmitted through a transparent object. By
then projecting light through the photographic
film (which is called a "hologram”) it i3
possible to reproduce a three-divensional image
or tne original nbject.

The reproduction of images as Gabor sug-
gested become practical with the advent of the
laser as a source of monichromatirc, coherent
ligut. In 1964, Leith and Upatnieks (Ref. 2)
demonstrated that a three-dimens{onal !mage of
an opaque object could be reconstructed in a
manner similar to that proposec by Gabor.
Figure 1 shows a typical set-up cf the appa-
ratus used in the Leith ané Upalnieks “olo~
graphic method.

in making the hologram, the light waves
from the object (object beam) interact with
the light from the mirror (reference beam).
When the light from the mirror is in phase with
the light from the object, the waves add;
conversely, the waves cancel one another when
they are out of phase. This type of inter-
action results in variations in the intensity
of the light striking the photographic film
(these are spatial variations in intensity, in
the plane of the hologram.) Since photographic
filn reacts to the intensity of light impinging
on it, the exposed film gives a permaneat
record of the interaction of the two light
beams.

To reconstruct the image of the object
from the hologram, the developed photographic
film is illuminated with any monochromatic
1light source, e.g., the original laser. Now
the light interacts with the hologram, and the
result is a three-dimensional image of the
original object.

Laser

Soupce Spatial Filter

Object

Hologram

Figure 1 Left:

HOLOGRAPHIC INTERFEROMETRY

Although image recomstruction was oune of
the first applications of holography, a tech-
nique that has sore potentia. from a research
standpoint is "double-exposure holography,”
which 1s one form of holograynic interferometry
(Ref. 3). The essential ideas are as follous:
first make a hologram of the object you wish to
examine; then subject the object to loads which
cause it to deform, and expose the same hologram
for a second time. Now when this "double-ex-
posed hologram” is developed and then iilumi-
nated, two images are produced: ome is from the
undeformed body, the other from the deformed
body. These light waves (which form the two
images) interact with one another, thereby
creating intarference fringe patterns. By ana-
lyzing the fringe patterns, one can determine
the surface defocrmations of the body, which were
caused by the applied load. Haines and
Hildebrand (Ref. 4) give expressions which show
how to relate the interference fringes with the
curface deformations of the object. An exten-
sive mathematical description of holographic
interferometry was presented recently in Ref. 5.

SHOCK LOADING OF BEAMS AND PLATES

Holographic interferometry is exemplified
by pulsed laser holography, which was used to
record transverse waves propagating in beams
and plates. First, the laser was pulsed once
to expose the hologiam to the stationary target.
Then a stress wave was initiated in the target,
and a second laser pulse was timed to expose the
hologram when the wave had traveled a given
time.

The beam (6061-T6 Aluminum) used in this
study measured 6' long x 1" wide x 1/4" thick.

Laser
Joygce l Spatial Filter
l o rror

Virtual
Image Seen
by the

Hodogran Observer

Observer A

Image Recording Process

Right: Image Retrieval
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The experimental sot up used to obtain the
holographic interferograms of the transverse
stress vaves in the beam ia shown in Figure 2.

Q(t) Impulse
\
/] N\
7 ] N
Beam
Specimen
Scene Beam
rror
Lens
Hologram
N Reference
\ Beam

Pulsed R&y Laser Hieror

Figure 2 Schematic of Optical Arrangement

Referring to Figure 2, light is passed from the
pulsed laser through a negative lens and thence
to the front surface of the specimen. This
light reflects from the specimen sand forms the
scene beam for the hologram. Some of th: light
reflects from the first surface of the nigative
lens and is directed by mirrors to serve as the
refgrence beam for the hologram. A continuous
wave laser was used to align the lens and
mirror arrangement ard thereby insure unifora
illumination of the spucimen and the hologram.

A basic experimental problem which had
to be overcome was to pulse the laser at a
particular time delay, A, after initiation of
the wvave. The timing of the laser was accom~
plished electronically, using two oscilloscopes
with variable time-delays.

The test procedure was to first pulse the
laser and make a hologram of the stationary
beam, then release the pendulum and {nitiate
the timing sequence to agajn expose the holo-
gram when the flexural wave was in the beam.
Several interferograms were made in this fash-
ion, with time deiays of 12.5, 25, and 50 usec
after initiation of impact. These double-expo-
sure interferograms were later reconstructed
by a continuous-wave laser and then photo-
graphed. The resulting photos are shown in
Figure 3. Qualitatively, the fringes represent
constant displacement curves. It is
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interesting (but not surprising} to note that .
at 12.5 usec after ispact the beam acted much

1like a plste. This is evidenced by the geone-
try of the fringe pattern, i.e., circular. At
later times, i.e., 25 and 50 usec after impact,
the fringes indicate the tsansverse vave is -
very wuch plane. -

These resulting interferograms may be
interpreted to provide quantitative data regard-
ing the surface deformations of the beam result-
ing from the impact. It may be shown (Ref. 6)
that an interference fringe forms whenever the
displacement, w, satisfies the condition

- (20 - 1))
¥ = 3(cosd. ¥ cosb

y n~1,2,3,...
1 2

where

A = wavelength of- the laser light,
69434.

61 = angle between the displacement
vector, W, and the light illum{-
nating the heam.

02 = augle between the diaplaceu:mt
vector, W, and the light reflecting
from the beam to the hologram.

Data reduction from the interferograms shown in
Figure 3 is presented in Figure 4. Also shown
in Figure 4 is the beam displacement as detec-
mined by a computer program. The model used
for the computer program was a one-dimensional
beam. This accounts for the greater discrep-
ancy at early times (i.e., 12.5 usec when the
actual beam acted more like a plate) than at
later times.

The same experimental set up used to study
the beam was used to study transverse wave
propagation in plates, The plate used for this
study was made from stock aluminum (6061-T6)
measuring 12" square by 1/8" thick. The
experimental procedure and data reductions
techniques described for the beam are identical
for the plate. Eight separate holographic
interferograms were made of the transverse
waves, differing only in time delays, viz 10,
20, 40, 60, 80, 130 and 150 usec after impact.
The resultirg interferograms are shown in
Figures 5 and 6. On at least two occasions,
130 and 150 usec, the leading front of the
stress pulse reflected from the edges of the
plate and began to propagate back toward (but
not reaching) the center. This is evidenced by
the "rippled" behavior of the fringe patterns on
the interferograms., The data reduced from these
interferograms are compared with theoretical
displacement curves generated by a compiter
program, Figures 7 and 8. Two-dimensional
plate theory was used to model the plate for
the computer program. As is evidenced by
Figures 7 and 8, good agreement was achieved.

An experiwent was performed at TRW using
pulsed laser holographic interferometry to
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A = 50 psecz

7k ~®—tes= Experimental Data
e v Computer Solution

6 e

s e
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A = 25 ygec

Lateral Deflection, Inches

A= 12,5 psec

-1

Distance from Center, Inches

Figure 4 Lateral Deflection (y) vs. Distance Along the Beam (x)
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(c) & = 40 usec

(b) & = 20 usac

(d) a = 60 usec

Figure 5 Interferograms Showing Bending Weve in the Plate
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(c) a = 130 use {(d) & = 150 usec

Figure 6 Interferograms Showing Bending Wave in the Plate
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‘Transvarse Deflection, (inches)

Redial Distance, ¥ (iaches)

Transverse Deflecrion, w (inches)

Radial Distance, r (inches)

Figure 7 Measured and Calculated Deflection Shapes (Early Times)
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Transverse Deflection, w (inches)

Transverse D.7lection, w (inches)

200 -

e Caliulations

® iolographic Data

130 usec

Radial Distance, ¥ (inches)

150 usec

-100¢

Radial Distance, r (inches)

Figure 8 Measured and Calculated Deflection Shapes (Later Times)
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nondestructively test a honevcomb panel. The REFEREECES
honeycoah panel measured approximately 4" in
width, 1/2" in thickaess and 18" lomg. It was 1. Gsbor, D., “Microscopy by Recosstructed
constricted out of wm alvainum core amd alumd- " Wavefroats,” Proc. Roy. Soc. Series A,
- aun skin. The ex.. “mental arrangemeat used is VYcl. 197, 1949.
E shown in Figure 9. keferring to Figure 9, .
g 1ight fron the pulsed laser vas expanded using 2. Lleith, E.N., and Upataieks, 3., "Wave- .
E a simple lens. Light reflected from the honey- front Reconmstruction with Diffuse 11~
: cosb panel serwad as an object beam, while light lusination snd Three-Diwensional
reflected frem the mirror served as a refererce Objects.” J. Opt. Soc. lmer., Vol. 54,
beam. The tonevcomb panel was arramged so that Novesber 1964.
s the front surface faced the :-clograa. A bal- = o
liztic pencalur was arranged so (hat it would 3. Reflinger, L.0. Wuerker, R.F., and
strike the honeycosb panel from the rear. A Brooka, l.!-:., “Holographic Iaterferom
4 multipulsed lasee was used to obtain a holo— etry,” J. Appl. Phys., Vol. 37, Peb.
;. graphic interferogran. Tue iiming between 1966, p. 642-649. .
3 pulses vas arranged so that the first pulse
occurred just prior to impact and the second 4. Haives, K.A., and Bildebrand, B.P.,
pulse was 80 microseconds after impact. Figure "Surface Deformation Measurement Using
- 10a and 10b show the top and front view of the tbe Wavefroot Recomstruction Technique,
houneycomb pasel, respectively. Figure 10c shows Applied Optics, Vol. 5, No. &, April
a photograph taken of the image reconstructed . 1966, pp. 595-602.
by the holugraphic interferogram. The gemeral ’
nature of the fringes is very similar to tiat 5. Browm, G.M., Griat, R.M. and Stroke,
obtained during the beam experiments, e.g., GW., "'l‘lmory ot Rolographic Interfer-
Figuic 10b. A careful examinationm of Figure ometry,” J. Acoust. Soc. Amer., Vol. &5,
10c, however, reveals three distinct snosalies No. 5, May 1969, pp. 1166-1179,
in an otherwise smooth fringe pattern. These :
anomalies verify the existence of the known 6. Aprahamiazn, R.. "S-me Useful Equaticns

flass in the specially prepared samwple.

Laser

Used in Holography, ' TRW Report Xo.
AM 70-2, January 1970.

<«+—{) Ballistic

Pendulum

\ Hor.nycomb Panel

[T PR EREE -

Figure 9 Experimental Setup to Inspect Honeycomb
Panels with Pulsed Lasers
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(c)

NDT of Honeycomb Panels
a) Top view of panel showing the core
b) Front view of panel
¢) Holographic interferogram
showing defects in the
honeycomb panel
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DISCUSSION

Mr, Ashley (University of Birmi :Isita
very tedjous procedure to get {rom the hologram to
the displacement data, or is there some sort of
automatic data processing involved?

My, Jolmson: Tt is tedious the way we did it on
this partizular case, We finger counted or hand
counted the fringes. We thought of techniques where
you might use a thin pencil light in a photocell to
scan it and count fringes in a raster - like pattern
very quickly. [ do not know that such a device is
actually working though.

Mr, Riggrggr glr!nlversuf of Texas): Can you
get absolute values of t splace ments or are
these all relative ?

Mr, Johnson: The ones you saw are absolute
because the first exposure of the holographic film
was made hefore the beam had moved, You can
ohtain 2 relative exposure, too. You can make the
first exposure while the beam is in motion and then
make subsequent exposures, say, & microsecond
later. In this case the interference fringes cor-
respond to the displacement between the two ex~
pasures,

Mr, Rl%ggr: Then you could also get dis-
placement results if the surface you are viewing
moves as a plane and you do not have any fringes?

Mr, Johnson: Yes, you can measure in-plane

displacements, We have measured both {n~plane
and out-of-plane displacements,

Mr. Ripperger: That was not what I meamt, If
the surface ﬁiﬁl you are looking at moves as a plane
you will not see any fringes,
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Mr, Johmson: That is right, You have to have
a reierence To picture the mushroom in
principle would allow you to find a displacement at
every point of the mushroom surface, In the case
of the plate experiments, beyond the front of the
wave, the plate has not been displaced and g0 you
can start counting {ringes from there—that is a
zero displacement point, -

Mr, Eckblad (Bocing Com) s Another prac-
tical question: Is this measuring device very sen-
.itive ? If you have it in a shock environment
ovserving relative motions is there a way you can
get around that? Or apply it?

Mr, Johnson: Continuous wave type holographic
interferometry is very slow and you have to have a
controlled environment, You need a granite table
and a very stable environment, Using pulsed holo-
graphic interferometry you can complete the process
in a microsecond, Usually this is a time short com-
pared to the lifetime of most natural events, such
as wind current changes, and things of that nature,
1t should be possible to use this type of apparatus in
a fairly rough environment if you are using pulsed
laser holographic interferometry,

Mr, Eckblad: Is it expensive ?

Mr, Johnson: Yes, a pulsed laser costs about
$25,600 to 330,000 for the laser alone, The film is
about a dollar shot, it is not very expensive, It
could probably all be reduced to a machine that
would be a lot quicker and more functional than the
laboratory type of apparatus we are using,
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DATA ANALYSIS

A NEW SYNTHESIS TECHNIQUE FOR SHOCK SPECTRUM ANALYSIS

William G. Pollard
Spectral Dynamics Corporation of San Diegc
San Diego, California

A new shock spectrum analyzer approach is presented which synthesizes]
120 filters to provide primary, residual and maxirnax shock spectrums,
The new technique uses only one single-degree-of-freedom filter, The
120 filter locations are generated by sequentially modifying the input
excitation time function 120 times.

DEFINITIONS

Conceptually, shock spectrum is defined as the
maximum response of an array of m number of
single-degree-of-freedom systems to an input
transient excitation. The shock spectrum is
composed of two componenis of information re-
ferred to as primary and residual shock spec-
trums. Primary shock spectrum is defined as
the maximum transient response of each single~
degree-of-freedom system during the applica-
tion of the input excitation. The residual shock
spectrum is the maximum response of each
system after the termination of the input excita-
tion. Shock spectrum, sometimes called com-
posite or maximax response, is the maximumd
the combined primary and residual shock spec-
trum,

SHOCK SPECTRUM ANALYZER TECHNIQUES

There are three common techniques for per-
forming shock spectrum analysis. One of the
techniques employs an array of single-degree-
of-ireedom electronic filters with a transfer
function defined by Hn(S). Primary shock
spectrum is defined by:

Primary Shoc Spectrum = (1)
m
iy -1 T -8t

Max ) £ [H (8) [Tewe™ a |
n=1

Where S-l denotes the inverse Laplace Trans-
form and Tis the time duration of the input
excitation, e(*). Residual shock spectrum is
defined by:
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Residual Shock Spectrum = 2)

!!3 -l i -
Max ;, £ [H (S}

n=1

Where H'n(S) includes the initial conditions of
the single~degree-of~freedom filter H (S) at
time, 7, b

A second technique solves the differential equa-
tion defined by H_(S) with an input forcing
function, e(t). e m number of solutions
equivalent to m single-degree-of-freedom fil-
ters is obtained by sequentially incrementing
the differential equation coefficients m times.
The transient and steady state solutions provide
primary »nd residual sheck spectrums respec-
tively,

A third technique relies on obtaining the magni-
tudes of the Fourier spcctrum of the input ex-
citation. A common way of obtaining the

¥ ourier magnitudes is to employ a narrowbarnd,
heterodyne type real time spectrum analyzer,
Volume 2 of the Shock and Vibration Handbook
states that although the shock spectrum and
Fourier spectrum are fundamentally different,
there is a partial correlation between thern,Only
r esidual shock spectrum is analytically related
to the absolute magnitude |F (it )|, of the
Fourier spectrum for the specigl case of a loss~
less filter, L = 0. This relationship is given by

Residual Spectyum I =K l F (j wn)l 3)
r= . ,

0

where K is a scale factor and un is the fre-
quency at which F ju‘nj is evaluated, The major
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“digadvantage of this épproach s that primary

and maximax spectrums are not obtained, Fur-
thermore, comparison of the output peak re-
sponses of the type of filter used in the hetero-
dyne technique with that of a single-degree-of-
freedom, low-pass filter, shows that the results

" do net agree aid the heterodync technique does

not yleld ccrrect primary spactrum information
For example, if a rectangular pulse of height A
is inputted to a low~pass, lossless filter of L- 0,
the cutput during the applied pulse is a constant
amplitude cosine wave independent of pulse
duration with amplitude excursicns between 0
and ZA. For this example, the filter output
time response is given by

4 %
} = [ [E3
en(t) =z le\l cos 3 t} '4)

where 3n is the filter {requercy. Now consider
the same rectangular pulse to be heterodyned

‘and inputted into a lossless, narrowband filter
* of the type used in real time analyzers. The
- “filter output.during the applied pulse for this
. case is given by

3 AY / 7 i 5)
eh(z).zyz—-gsa \cos 5t - cos Yt)' {

“where Y is the heterodyne carrier frequency

which is incremented m times to cover the {re-
quency rnge of interest, Comparing the two
results reveals that the responses during the
applied pulse do not agree. The filter respouse
for the heterodyne technique is Ydependent as
opposed to the constant amplitude response for
any B_, Attractive as this approach-is, it is un-
fortunate that only residual shock spectrum is
available from Fourier spectrum information.

NEW SHOCK SPECTRUM ANALYZER
APPROACH *

As a preliminary step to describing the new ap-
proach, consider the characteristics and re-
sponaes of an array of m number of single-
degree-nf-freedom systems as shown in Fig, 1,

Filter Arra

Input Shock H 1 (S)
Excitation
e(t)

Hy(S) | e,(t)

L H(1) | e (t)

Fig. 1 -~ Array of
Single-Degree-Of-Freedom Systems
% Patent applied for
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The transfer function, HniS).displaye_d in the
S-plane has the form shown in Fig. .

Where Sin 6 =(,

. g0 I
i6 1
_____ g
~ s, o
Hl'l( i £
Pole { 12
Locations |
| %
3 | ~ - =
i S-plane
-0y [ ]

Constant [ or Q Locus
Fig. 2 - Single-Degree-Of-Freedom Filter -

The output, E _(5), in the S-plane is computéd °

by the products of

E_(S) = E(S) H_(S) (6)

where E(S) is the Laplace transform of the input
excitation, ¢(t)s The output time response is
arrived at by takin, the inverse transform,

- . 5 T 1 M
eft) = £ E (8) =% (ESIH(S)] .
Hn(S) has the form of
2,.2
% *P (8)

HS)=—""3G 2
n
(S+ an)z-i-ﬂn
for a single-degree-of-freedom systeni. As

seen from the S-plane plot of Fig. 2,%is O for a
lossless system which gives for Hn(S),

g 2 (9)

s lg:(: sz»«ﬁnz

For purposes of comparing results of the pro-
posed filter synthesis technique and the single~
degree-of-freedom filters defined by H {8), the
output respons~s will be computed for a step, a
step ramp and a step sine wave as defined in
Fig. 3.
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~Fig. 3 - lnput Excitations

'lhe. output responses over the period Tfor inpuss
of e (t), ,{t)and ¢ (t) for a filter ¢ of zero ’
‘are reswc%nveiy. T ;

e (t) = A(}-cos Snt) - {10)
 Sin Bt
e ) = at- g 2 (1
; n
angl Sin 8t
A o (Sin\t _ ’n ) (12)
n :2‘.\2 LS g g

n

- With the filter [ # C, the outpﬁt responses over
:r:: period 7 for inputs of ep(t). eR(t) and es(t)

€z+az>1/z o
=af1-B—Ll e "
en( B

n

A}

sin ‘\ﬁnt-'l—'“

3 (13)
“n
<o

n

Where \‘.ul ;tar:‘
= (14)
e (t)

n

e . N
4 ———)-B—' +=gsin (Bnt- )
n n

- [y
(anz + Enz) n (En
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Hy,y

: ‘20 ! : - : J
ng ¢
z 2. 2 -
n=-B +A

Eqs. (10) through {15) define the filter output-
Fesponse from t = G to't =.T where the maxi-
mum peak amplitude ¢uring the time T defines
the primary amplitude for filter channel n. The
resudual would be computed byl the ‘use of. Eq. (Z}‘

A new technique to synthesize m number of i
single-degree-of-freedom filters which" pre- “
serves the correct primary and residual infor- :
mation:is urder development. - The first tcch_-
nigne described mechanizes m. mxmher of -
parallel, contiguous filters. The m number of
filters. are spaced over. the irequency range of -
interest and the closeness of the ,(-equenc-' spac—"
ing determines the resolution of the mzasure- -
ment. For example, to cuver three decades of -
frequency with a spacing of 1/12 octave steps re-.
quires 120 filters, m - 120, Employing the '
parallel filter approach would require 12C sepa-
rate filters where each filter is separately

tuned for frequency and Q, The proposed syn-
thesis technique fundamentally replacés the 120
filters w:th only one filter which greatly sim-
plifies instrument maintenance and caiibration.

A conceptual block diagram showing the ap- -
proach to generate the equivalent of many dii-
ferent filter outputs with a single filter is pre-~
sented in Fig, 4.

The input shock excitation, e(t), is entered into
the time scale converter which changes the in-
put time scale by a factor a_., The a_ control-
ler increments 2 in m number of steps tocover
a specified frequgncy range. Fach a_ generates
a new time function to be entered into the fixed
filter, G(S). For each unique a,a unique tran-
sient and steady state filter response, ¢ (t)
exists which relates exactly to primary and re~
sidual spectrums.
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Fig. 4 = Filtar Synthesizer

For'the system :n Fig, 4, the primary and re-
sidual shock spectrums are given by

Primary Shock Spectrum = (16)
m
S el T /N st
Max ‘_S LG(S) ‘.‘; e w\ant) e
n=1l
and

Res’_xdual Shock Spectrum = (17)

B

L_

=1

Max LU’S) J

:

where E(S) includes the. initial conditions at the
time of T/an.

A very important aspect of the approach is that
the m number of shock spectrum outputs are
generated by modifying the input excitution
time scale m times and not by changing any
physical components or controls to modify fil-
ter response, Also the analysis time may be
decreased by controlling the minimum a . For
instance, if a wers incremented over a range
from 10 to 10000 to covcr three decades of
frequency, the filter response time would be 10
times faster than the approach using parallel
filters covering the same frequency range.

The transforms for the time functions given in
Fig, 3 are now recomputed for the new .ime
scale function, e(a_t), which is the modified
time function applied to the filter, G(S). The
new transforms for input excitations of a step,
a step ramp and a step sine wave are respec-

vivelw
a Q A(a A)
E (S) = '. E (S)- — ES(S)

\2.
S +\a A}

The form given by Eq. (7) may be used to com-
pute &*F(t) where

e (t) - ' EEs) G )
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and E(S) is defined by E (S). E (S) and E (S)
for our ualysis,

Over a period 1, the output filter responses for

inputs of e_(t}, e_(t) and es(t) for a filter g of
zero are respectively,

eF(ant)z Ai(l-‘cocA Bt) (19)

e {ant) = Q"{anz) - (5/%') Sin Bt (20
3 A n

(21)

I8ind at) .

With the filter { # 0, the. output Tesponses over
the period 7 for e (t), e (t)ud < :(t) are re- -
spectively

Sln Bt

' 2 \1/2
er(lnt) =al1 +~(—“—*5€-/-— e sin (Bt -vl)
(22)

where \L'l = tan-l %

0

" 2 . R e-dt .
[%‘ T @ ) ) HETm 5 (be- 'z)]
-1 i

-

where Wz =2 tan

&y
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where '3 =tan

In interpreting Eqs. (19) through (24), it is
helpful to refer to Fig. 4, If the input excita-
tion, e(t), entering the time scale converter is
to be evaluated at some arbitrary time 7, ¢o
give e(7); the output of the time scale convertey
e(a t), must be evaluated at 7/a_ to yield the
same information, For examplg, if T =50ms
then e(a t) would be evaluated at 0,5 ms for an
a of 100, As pointed out, T may be any arbi-
trary time; however, for this application to
shock spectrum analysis, one of the times of
interest, 7, is that time when the input excita-
tion is terminated,

Rewriting Eqs. (19) through (24) evaluated for
T/an gives the following set of equations:

Fort=0
¥ B
el" (;—): All-cos ;— T (25)
n n
\. B
(_ Q?-(—Q—) sm( ) (26)
a n

(27)
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Forg#o

") ‘”’
o) e

e T g (29)
Fl{— X
(a a.z + az -

)

[’ '(a/.n)f(s@@/.n 7 {a/.n ] s'“‘('«ﬁ; i '2)]

{30)

)T |
4 Sin ('aE T~ '4)
n
. J

A term by term comparison may now be made
between the sets of equations defined by Eqs,

"(10) through (15) and (25) through (30), Recall

that 8 takes on m different values, as shown in
Fig, P, to span the frequency range of interest,
Note, in comparing Eqs, (15) and (30) that the
variable filter terms 0_ and §_are duplicated

n n
by terins x/a_and 8/a_, By varying a_, the
terms may be made to take on exactly‘%he same
values as the terms defined by 4 and 8 , There-

n

fore, in the first technique making e, and ¢
talke on m different values by having m different
filtevs, the cquivalent inay be accomplished by
using one filter and letting a take on m differ-
ent values, Further cross comparisons of cor-
regponding terms in the two sets of equations
show the same pattern of equivalence, that is




fur every 3 :‘ there s as ~uivalent afa and
.;a . This'demopstrates that at any arbitrar:
time tie (itér 4nsplitude responses of both ap-
proaches ase the same, Since the twu filter
foru:s are the same ana buth have the same in-
wral conditions at any arbitrary times of ~ and
T {an vespectively, it follows that the residual
reaponsex are the same,

CORCLUSION

The method «f processing the isformation
-through the time scale converter offers comsid-
2rable fexibility ip shock spectrum analysis,
Simply by changing the rats of processing the .
tnformatien in the time acale converter, the in-
. put frequency range coverags may be changed,
Two frequency ranges are made available, o
range covering 1 Hz to 1 kilz and ths cther
range iV Hz to 14 kHz providing the capability
1o store transients of | second and 100 miy Cura-

tions, respectively., The filter locatioas are
charzed readily by inputting a new set of a 's
with different spacing which provides the capa-

bility to change the frequency resolution in fre- -

quency regions of interest, The number of
filter locations muy also be increased by in-
creaxing the number of a steps; however, the
maximum number of ﬁ!ter c!unnel: is deter-
mined by the filter Q.

The input transient ngnal is captured and
stored in memory which permits viewing of the
criginal input transient. Because of the tem~
poral speed up, the input signal may be dis-
played without flicker, For example, 2 100 ms
trancient could be displayed at a 160 Hz rate
for an a of 10 whereas, without the speed up,
the maximum display rate would be 10 Hz. A
digital memory stores the 120 outputs of the

" filter whkich holds the shock spectrum data in-

definitely without decay,

PRSTHPOEEY

epaiaae ah,

(RN RSN e

!
3
3
3
§




THE ROLE OF LATENT INFG'MATION IN INFORMATION
PROCESSING IN MEASURING SYSTEMS

Peter ¥. Stein
. Professor of Enqinecring
Arizina State University

Tempe, Arizona

The role of latent information in transducers is defined and discussed.
A11 material properties, all coefficients of scalar, vector, tensor, or
field quantities, and all transducer performance coefficients are latent
information parameters, {LIPs). Such LIPs must be activated so that
the information they contain is available for processing in a measuring
system.

A systematic study of these LIPs yields a2 new conceptual model for a
transducer, as an information-and-energy-flow device. Information proces-
sing (including conversion) is clearly distinguished from energy proces.
sing {including conversion}. Since measurement 1s concerned with infor-
wmation flow, this distinction leads to an extension of the Unified
Approach to the Engineering of Measurement Systems. A small portion of
this approach is presented in this paper, to show that a methodical,
systematic approach to the design of weasuring systems exists. The
presentation shows hitherto unsuspected affinities between transducer
families, and hitherto unsuspected transducer families are a natural out-
growth of the methods of investigation presented here. Educational
producers and industrial consumers of engineers should be aware that
engineers proficient in the new field of Measurement Systems Engineering
are being deliberately educated, and are available.

MEASUREMENT The quantity on the wave shape of which some
pattern of properties identifies the existing
information can be in two forms, as shown in

Table I.

The basic pu:spose of a measuring system is
to obtain information about some state or pro-
cess being investigated. Information can exist

in two fonns: Latent and Activated. In both It must be remembered that information can

forms it can be idertified by the new and orig-
inal definition of information particularly
suitable for measurement engineers, given else-
where [1, 2] and sunmarized below:

INFORMATICN OF ANY KIND MUST EXIST
on some pattern
of some property
of some wave shape
of some quantity

JABLE 1.

not he processed without energy transfer, and
that every component in a measuring system must
be considered ir the path of BOTH a flow of
information and a flow of energy. To organize
and study th. field of measurements, the estab-
lished terminology developed for the Unified
Apprcach to the Engineering of Measuring Sys-
tems will be used. A sumary of the basic defi-
nitions is given below. These are different
from current usage and should therefore be
ftudieti carefully before proceeding further
1,2,3].

FORMS OF INFORMATION

FCRM OF THE INFORMATION

FURM OF THE INFORMATION-CARRYING QUANTITY

i.atent Information

Latent Information Parameters (LIPs)

Activated Information

Energy Components and Their Derivatives

T —— O
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DEFINITIONS ARD TERMINOLOGY

Transducer: The smallest information-
and-energy processing com-
ponent in o systes, which
accepts and enits B0TH
energy and information.

Sensor: The smallest component in
a measuring system which
contains only isformation,
but emits no e1ergy. Note
that it took erergy to get
the informatiun into the
sensor.

Structure: The network of relation-
ships among transducers or
sensors, corresponding to
the circuit diagram of the
electrical engineer.

Processing: Operations such as repro-
duction, conversion, shap-
ing, suppression, enhance-
went, transmission of
information (desired in
measuring systems) and
energy (a necessary by-~
product of information
processing).

Inputs/Gutputs: The inputs and outputs
from all transducers are
pairs of quantities, the
product of which exhibits
the dimensions of energy,
and the ratios between
which identify certain la-
tent information parame-
ters to be discussed in
this paper. Table I1
i1lustrates some of these
pairs. Tables IV and ¥
some of the ratios.

Primary Quantity: That energy component on
the wave shape of which
some pattern of properties
carries information to be
processed. (One at each
port.)

Secondary Quantity: Yhat energy component at
each port which necessari-
1y co-exists with the
primary quantity.

Measurand: The quantity to be mea-
sured, which can be ex-
pressed as time and/or
space derivatives of the
Primary Quantity, or of
ratios of such derivatives
for the two energy compo-
nents involved. Tables
111, 1V, and V illustrate
some Measurands.
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LATENT _INFORMATION {10)

information which does not exist gn an energy
conponent {such as those in Tadle II), or on a
time and/or space derivative of such a

nent (such as those showa in Tabie III}, is
latent information. As such it is mot avail-
able for processing until 1t is activated or
intervogated. Latent information exists in all
transducers by virtue of their latent infcrma-
tion ters. These can be expressed as the
ratlo g & energy components, or by the ratio
of any time and/or space derivatives of these
components. In general, all performance para-
meters of transducers, such as input, output,
ard transfer coefficients, and all material
properties, are latent information parameters.
In general, LIP's can be expressed as:

(Latent Inforwation Parameter)
= (Matertal Properties)(Geometric factors)

Some LIPs are functions only of geometric fac-
tors such as shape or position; others are
functions only of material properties, but in
general, both factors arc present.

The most common exampls of latent informa-
tion 1s an impedance. Othurs are elastic modu-
lus, mass, index of refraction, angle of polar-
ization, and 211 transfer ratios or sensitivi-
ties such as the thermoelectric r of a
thermocouple, the gain of an amplifier, the
gage factor of a strain gage. A}l coerficients
or parameters of scalar, vector, tensor or
field quantities are LIPs. Examples sre opti-
cal birefringence, dielectric constant. elec-
trical resistivity in siugle-cmu! semi-
conductors for example, piane of pelarization,
wave propagction velocity, wave reflection and
refraction coefficients, etc. [10].

LATENT_INFORMATION PARMAETERS

Latent {nformation parameters divide into
two groups:

eneous or Single-Port Parameters: LIPs
which are expressed as ratios of the time and/
or space derivatives of the energy components -~
which co-exist at a single port {(entry or exit)
of a transducer, are homogeneous. Tables IV,
Y, and VI 11lustrate typical examples. Thus
this category fncludes all input and output
parameters (sometimes expressible as impe-
dances). Systematic methods exist for identi-
fying possible LIPs. A simple example will be
given below.

Given two physical quantities Q) and Q;
selected dimensionally so that:

10,1 - 10,1 = ENERGY| ()




TABLE I1: SOME COMPOMENTS OF ENERGY AND POMER

GENERAL IZED E% {*) GEMERAL L 01 * %
ENERGY ‘ ,-——WT& ‘
L FoRR Quantity mension ntity mens ion Quantity Dimension
Electrical | Electric L3072 | quantity of | q Electric gr!
Potential Electricity Curvent
{Voltage) {Charge)
£ 4 1
huinmc Magnet ic qor! Magnetfc ! |erectric K ad
*) Potential Flux Potential
(voitage)
0 ] £
hanical Force w2 Translation L Linear !
Linear displacenent Velocity
¥ X dx/dt
otational Homent Lon-2 Rotation, - Angulsr !
nical Angular Velocity
M a w = da/dt
coustic or| Pressure L2 Yolume 3 Volume Flow 3!
Fluid P 1 ] dv/dt
[Thermay Temperacure | © Entropy L% {Rate of Change Lan-37!
(*) of Entropy
0 s ds/dt
Coaemical Chemical Quantity of Reaction Rate
(*) Potential Material
ENERCY L2ur-2 L = length |Note: Luminous Flux ¢ is the basic other
-3 M = mass unit, with dimensions of power, in the sys-
POVER Lo T = tine  |tem: Mass, Length, Time, Charge, Degree
Temperature, Luminous Flux.
(*) From Ref. 4.

TABLE 113: SOME MEASURANDS AS TIME AND SPACE FUNCTIONS OF ENERGY AND ENERGY COMPONENTS

FUNCTION ]| OF SYMBOL | YIELDS SYMBOL || FUNCTION |OF SYMBOL | YIELDS SYMBOL
Force f|Surface Tension 3'4! Force FiLoad Acceleration
Displacement L|Strain € :s—)- Displacement  LjAcceleration

3 ) [Magmetic Potentia} o|Magnetizing Field H a§ Volume of Fluid ViFlow Acceleration

ax Electric Potential E|Field Strength 3 ‘ )
Temperature o{Temperature Gradient 3T Displacement L]derk
Action Momentum
2 Force , F{Stress : o I( )dt Energy Action
. Magnetic Flux ¢{Magnetic Field Bi.3 nergy Intensity
3Y°32  |fyectric Charge  QiCharge Density g_y'(ﬁ)Tt' Force FiStress Rate
33( )_|Force Flspecific Wefght ) St Electric Charge Q|Current Density
3xe3y-az|Energy Energy per Unit Volume gxoat Displacement  L|Strain Rate
Force FiLoad Rate
Displacement L|Velocity v
a ) Magnetic Flux ¢{Electric Potential E X, ¥, Z are mutually perpendicular direc-
at Electric Charge Q|Current 1 tions, x along the direction of the acting
Fluid Yolume ViVolume Flow Rate quantity; y and z, perpendicular to it.
Energy Power
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TABLE 1V: SOME LATENT INFORMATION PARAMETERS AS RATIOS OF MEASURANDS:

fratio oF
FUNCTIONHS OF YIELDS
H D—i?f)%cc—e;nf {- Oynamic Stiffness
91§£%§§§5F53 3 Compliance, Receptance
Mgl Poiental N
Magnetic Flux [ ]
Hagnetic PotentTal s Permeance, (Inductance)
Electric Potential E
Elastance s
ectric Charge 1]
R, | e :
T rature -
‘(m%m ry Thermal Stiffness [4]
i i Force F Mechanical Impedance
E; } a(Displacement)/5t v Yiscosity
it
Yolta 13 Resistance R
a‘(t'nh'@%?‘a"t T Impedance 4
Reactance xc,xl
) 3(Charge}/at ) Conductance G
[ at ] 0itage t Admi ttance ¥
) Susceptance
a(Displacement)/at v Mobility
orce F Fluidity
Force F :
[g; ] 22(Displacement)/3t2 2 Oynamic Apparent Mass
3t Yolta 3
357653;52§75?5 3T/5¢ Inductance L
3 ) 32(Displacement)/3t2 a
[ = ] f?'—')_Lon:e 7 Inertance
) 22(Charge)/3%? aléat Inverse Inductance r
oltage (Reluctance)

The general form of a latent information para-
meter based only on time-functions is:
(L1ps) /T (2)
S ——— 2
3"Qy/3E"

Since the assignment of Q) and Q2 to specific
physical quantities (energy components) is
arbitrary and depends on the measurand for each
specific case, the LIPs may take forms which
are one the inverse of the other. In the LIP,
m and n may assume integral values such as 0,
T, 2, etc., where negative values imply inte-
gration instead of differentiation. So long as

(n#m) = 0, the product of the two components of
the ratio exhibits the dimensions of
enargy. The LIP is then considered
to be energy based (potential).
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If (n#m) = 1 by similar argument, the LIP ic
considered to be power-based, and

if (n#m) = 2 the LIP is considered to be based
on rate of change of power, a con-
cept for which a single term does
not appear to exist. The words
energy-acceleration or power
veloc*t are descriptive and will
be used. Kinetic energy concepts

also appear to apply.

Table VII illustrates the various possibil-
ities for electrical and mechanical systems.
It is seen that the many empty spaces identify
presently unexplored possibilities. A similar
approach applied to the other energy forms of
Table II will show that Tables 111, IV, V, and
VI are just the barest of samples of the
possibilities.
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TABLE V: SGME MEASURANDS OF RATIOS OF TIME AMI/OR SPACE DERIVATIVES OF ENERGY COMPONENTS

710 OF
1088 OF YIELDS
ol )
[ ax ] ) 3{Electric Potential)ax Resistivity

[3‘ '| F) ectric rge)/ay=3z-at
ay-az-at)

alamgggtic Flux){a%-az
22(_)) 3{Magnetic Potential)/ax
[a =22 ) a2(Electric Charge;j/ay-22
T.!]'___f a(é'lectrlc Fot.enth‘)’ax
. 32!Forceua!-zz
s{Displacement)/ax

Magnetic Permeability
Dielectric Constant

Elastic Modulus

L 3y ainisglace-ent;pz
f ] a{Displace:at}/ax

Poisson's Ratio

Y32 32(Force)/ay+232
[3’( ) a?(Displacement)/ax-at Viscosity
aX=at

23 )
IPL}BA] 33(Force)/ax-ay-32 Density
[‘3—' ] 32(Displacement)/3t2

2

2( )]

L_3t2 | 3zsbisglacenentuﬁz
[3’! l] 3{Force)/ax-~3y-3z2

AX-3y*3Z

Specific Volume

Note that these so-called “material properties” are all ratlos of quantities for which the product
of power per unit volume, as shown in Table VI

has dimensions of ene r, or rate-of-change

TABLE VI ]
EXNMPLES OF “MATERIAL PROPERTIES™ AS HOMOGEWEOUS LATELT INFORMATION PARAMETERS: Q3/0Q7
- - TS — . ey
POTERTIAL M!Gv smm POMER DISSIPATING [ KIIUIC ‘RERGV smms '
ENERGY BEHA BERAVIOR : YIOR !
|lecnan|u|'unprtssion Modulus (Fluid) |viscosity Coeff: u nDensity (]
H 'Elastic Modulus: € Q) = stress + 0y = force per unit voiune
i Q) = stress or pressure = force per unit area ¢ 0y = acceleration of
i = force per unit area Q2 = strain retC ~ aravity
t i Qg = strain = rate of change of O| ‘Q; * rate of change of
' t = extension per unit extensicn per unit power per unit volune
i length or contrac- length of or unit D
! tion per unit volume voluse per unit ;
;0| Q2 = energy per unit volume
‘ volume 109+02 = power per unit
A ' volure e e e
i Electrical Dielectric Constant: € Resistivity: p
! ! Qy = charge per unit Q1 = potential change
| ared per unit lengtn
H . Q2 * potential change Q2 = rate of change of
| per unit length charge par-u3{t area
i 01:Q2 = energy per unit i03°0; = electrical power per
r_ wolume i __unft volume o
Hagneuc Pemubﬂity
! Q) = magnetic flux per
! unit ares
| Q2 = magnetizing feld
:01-Q; = energy per unit '
| volume 1

Note that all these quantities are complex nurbers,
with a magnitude and a phase. The phase angle of
the complex permettivity or dielectric constant,
for example. is called the loss angle, and the
loss tangent 15 defined as the angle whose

targent is the imaginary/real part of the complex
dielectric constant.

Note that a1l these cuantities exhibit a

3 dependence of toth tne Tagritude ang tre
phase angle, or frequency and on amplitude
of the C; cuartity. Tnus frequency response
curves for ~azr tyde and crase, and
non-Tinearit, c.roes, ex'st, “ote alse
that L and € are inter-relatec.
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TABLE VII: A SYSTEMATIC EXPLORATION OF TIME-FUNCTION BASED LIPs
T 1N FECHANTCAL AW ELECTRICAL SWSTES

LATENT {3, 1] ELECTRICAL SYSIEMS
INFORMAT 10K Qy = Force = F Q) = Voltage = V
PARAMETERS 02 = Displacement = X 02 = Charge = @
a q
¥ 5‘1' b = dynamic stiffness or modulus Y 2 elastance, $
- 3 ]
> —
Q
§ 2 X. compliance Or receptarce 8- czpaci*ance, C
& ‘N F
3,/ F . v .
u2 X q
w - = - =
2 W, /5t F v
]
o q F y Resistance, R
§ T = = mechanical impedance + = Impedance, 1
2 X Q Reactance, xc or xL
3Qzlat i - Conductance, 6
(T F = mobility 2 « Admittance, ¥
1 Susceptance
2, 32 - "
7Q,/at F. V.
N, X (1]
oo Q
u° 2 X, Q.
§3§ az(_)l/',t2 f v
‘i‘gg 30 /3t . °
E=»> 1 F v
T O <= T =
$g§ W/t X 0
[ 335 '&Qzlat i é
| 283 W e v
288 :
o
..',SEA ]_ L = dynamic apparent mass ! = inductance
5% 3 Qzl“t X Q
2, 2
27Q,/3t o
2] é = inertance 3 = inverse inductance

Inhomogeneous, Inter-Port or Transfer Para-
meters: LIPs which are ratios between energy
components or their time and/or space deriva-
tives, but which exist at different ports (entry
or exit) of a transducer, are called interport
or inhomogeneous LIPs. If they fulfill the
conditions of equations (1) and (2), they are
called "Transfer Impedances" for example, to
distinguish them from "Point !mpedances"--if the
very limited, power-based concept of impedance
applies to the situation at all. By and large,
however, the inter-port parameters will not
satisfy equations {1) and {2) or the require-
ments for homogeneous, intra-port, single-port
parateters. Examples would be thermal expansion
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coefficients, thermoelectric power coefficients,
the gain of an amplifier, gage factor for strain
gages, etc. A later section will present a
S{Stematic methcdology for the study of these
LIPs.

GENERAL PROPERTIES OF LATENT INFORMATION
PARAMETERS

1. A1l LIPs are ratios of time and/or space
functions of energy components.

2. A1l LIPs are expressed as partial deriva-

tives at an operating point.for the {(n-2)
dimensions in n-dimensional space, where n
is the total number of independent variabTes



which can affect the LIP. Thus ai) LIPs are
sensitive to the operating point at which
they have deen determined, the world being
noc-1inear in general, This operating point
§s governe¢ both by boundary conditions and
by initiasl conditions, as well as by other
varfables, as will be discussed later. See
2150 Ref. 5.

A1) LIPs are complex numbers, exhidbiting i
magnitude and a phase angle (of the mmera-
tor with respect to the denominator which
serves as phase reference).

The magnitude and phase angle of al) LIPs is
a function of the frequency (or rate of
change) of the denominator and/or the numer-
ator of the ratio. These characterfstics
sre summarfzed in frequency-response curves

for magnitude and phase (Bode plots, for
example, or Nyquist or Root-Locus presenta-
tion if preferable [1]).

JABLE VIIT: TYPICAL EFFECTS OF VARIOUS ASPECTS OF THE ENVIRONMENT Ok A LATENT INFORMATION PARAMETER

The magnitude and phase angle of all LIPs is
a function of the amplitude of the denomina-
tor and/or the mmerator. These chzracter-
fstics are summarized in the linearity or
non-linearity curves for magnitude (the
author has never seen one for phase angle,
but it does exist). Naturally, such ampli-
tude-dependence curves must be presented at
3 stated operating point and at a given sig-
nal frequency, just as frequency-response
curves only hold at a given amplitude, or a
small range of amplitudes in which the sys-
tem is assumed at least incrementally linear
about the operating point, which must be
stated.

A1l LIPs present reversible {temporary) and
irreversible (pemanent) responses to any of
the n dimensions which detemine them--a
fact which can be explnited or deplored as
will be shown later. (Also see [6].) Any

(Note the partial derivatives around an OPERATING POINT in n-dimensional space)

TOTAL WHEN PERMANENT
DIFFERENTIAL|  NCREMENT siope 3 - R N A s Ok | EVIDENCE OF
PER UNIT PAST HISTORY OF
R R=ok o= resistivity IfdR =0, a
dR/R Electrical precision resistor
5 Resistance L = length A = area
1, 3R 40 10 Thermo-resistive coefficient |[Resistance thermo- [Heat treatment,
R'% Temperature Resfstance-temperature coeff. meter; themistor |cure cycle,
+ firing temp., etc.
1, R 4 Piezo-resistive coefficient |Resistance strain [Cold work, fatigue
R 3 Strain Strafin sensitivity gage damage, mechanical
+ Resistance-strain coeff. history N
1, R, dn |P Resistance-pressure coeff. Bridgman pressure |Hydrostatic
R 3 p Pressure Bridgman coefficient transducer; carbon |pressure
+ imicrcphone, etc.
1,3R, dH H Magneto-resistive coeff. iMagretic field Magnetic field
R Magnetic resistance sensors
Field
+ T
T.R 4! Photo-resistive coefficient |Photo-resistive Luminous
R 3] Luminous detectors Intensity
Intensity
+
Y, R g th Humidity-resistance coeff. Humidity sensors, [Humidity
R 3h Humidity resistance-based
+
1 R c Composition effect on Concentration or Progressive corro-
R 3¢’ dc | Fractional resistance Species determina- |sion; degree of
C Concentration tion cure in polymers
of chemicai
v element
1,.3R, ds | S Usually discontinuous func- Studies of material|Same as reversible
R 35 State tion of phase or structure ctate, phase, or
+ Phase, Structure|change (amorphous/crystalline){structure
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gﬁsg 1x: _TYPICAL ENVIRONMENTAL EFFECTS ON THE PARTIAL DERIVATIVES OF LATENT INFORMATION PARAMETERS

-

{Note the effect of a change in operating point in one disension on the slopes in all dimensions)

RATE OF CHANGE OF SLOPE:

WHEN REVERSIBLE,

, PART IAL The Effect of (dX) on SHEN PERMANENT,
{ DIFFERENTIAL INCREMENT | the Strain Sensitivity [EFTect of (X) on theig igence of past
! PER UNIT or Piezo-Resistance Strain Gage: (x):
i Coefficient 9e:
(_l_) (d_R) € Strain sensitivity, Electric resistance
R"*de Strain piezo-resistance coef- |[strain gage
. ficient, resistance-
strain coefficient
1. [agakla‘ ) ] do o Temperature effect on Temperature effect |Heat treatment
R 3 Temperature gage factor or cali- on gage factor for metals
+ bration
1, e3(R/3e)y . 0 |5 Effect of strain on Non-linearity of Past cold work
re 303 * %|strain the gage factor calibration
+
1., [PJ 3R/3e)] . dpl? Effect of pressure on  [Pressure effect on |Pressure history
R° 9 PlPressure gage factor gage factor

T

+

. [3!3?436!] . dH

H
Mugnetic Field

Effect of magnetic field
on gage factor

Magnetic-field
effect on gage
factor

Magnetic field
history

Note, for example, that % [?-(3—';-?5)-] is a very sensitive indicator of total accumulatec fatigue-
damage (cold work) in the S/N “Fatigue Gage,” although it is not the primary read-out used.

tion or state

state

a material

TJABLE X: TYPICAL EXAMPLES OF VARIOUS ASPECTS OF THE ENVIRONMENT ON A LATENT INFORMATION PARAMETER
TOTAL + WHEN PERMANENT
DIFFERENTIAL INGEEHENT stope . 3Y e Shone or.®  |EVIDENCE OF PAST
FER UNIT HISTORY OF
av/y v V=ALory="Re0
Volume A = area L = length
m = mass of gas
= R = gas constant
These are typical ex-
pressions for volume
UL A 0 Volumetric thermal ex- |Fluid-fiiled thermo-{Change in struc-
V 3 Temperature pansion coefficient meters such as gas, |ture or phase
- mercury-in-glass,
' etc. (State change)
1.,3v d p Volumetric pressure Barometer Change in struc-
Vo Pressure coefficient ture (ex. twinning
+ {compressibility) of iron crystals)
1.3 a4 L Sensitivity of volume to|When cylinder posi-
Vo oL Length change in length tion is used as
. measure of volume in
f PV engine studies
= A A Sensitivity of volume
v ’3A Area change to area change
L A F Sensitivity of volume |Load cell: mercury-
Vv F Force to force change filled hollow cylin-
. der with open sight
glass
1,3 ds S Sensitivity of volume tojPhase change or Shrinkage of poly-
vV s Chemical reac-|chemical reaction or structure change in |mers during cure.

Correlates with

degree of cure
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remnant effects must be idenfitied. The prob-
lems here are closely allied to the past history
of the material and/or geometric factors which
determine the LIP [5].

TYPICAL MANIFESTATIONS OF LATENT
THFORATION PARDRETERS —

Tables VIII, iX, and X show a limited number
of possibilities of latent information parame-
ters. It is important to note the systematic
method by which such effects can be investiga-
ted.

First select a latent information parameter,
such as electrical resistance. Secondly, list a
nusber of independent variables which may a¥fect
it. Thirdly, express an incremental change of
the LIP (tntil differential) as a sum of the
partial differentials multiplied by the incre-
mental change cf each variasble.

Table VIII identifies the effects of temper-
ature, strain, pressure, magnetic fields, lumi-
nous intensity, humidity, fractional concentra-
tion of chemical elements (composition) and
state, phase, and structure, on electrical
resistance. Each of the partial derivatives can
be-used as a transducing process from some
energy component or measurand into latent infor-
mation {resistance change). Such effects may be
temporary or permanent, with uses as indicated.
This approach identifies the earlier statement
[6] that all transducers respond in all ways
they can to all factors of the envirgnment. The
measurement engireer's job is to enhance the
desired responses to the desired environmental
factor and to suppress all other environment-
response combinations. Table XI identifies the
possibilities. The processes of enhancement and
suppression have been treated extensively else-
where [1,5,6]. Table XII iilustrates the prob-
lems for a bonded resistance strain gage, in
summary [7].

Typical nermanent effects of extreme ytility
to computer-memory applications, and which are
controllable, are just being discovered and
brought to commercialization [8,9].

Table IX illustrates that each of the par-
tial derivatives is itself a function of a num-
ber of independent, enviromment-controlled
variables, and that the various second-order
partial differentials axist to act as possible
transducer bases or as sr ces of confusion,
noise, interference, or wnatever name one gives
to anything but the desired response of the
transducer to the desired environmental factor
to be observed today [6]. It should be noted
that individual references which describe actual
case histories and numerical values for each of
these effects are to be found in large number in
the Strain Gage Encyclopaedia [7], when strain
gages dre the sensor of interest. To the
author's knowledge, this approach has not heer
extensfvelyr applied in a systematic manner to
any other type of sensor or transducer., These
references will not be cited here.

Table X illustrates some of the independent
variables affecting the volume within a defined
region of space. Note that each of these par-
tial derivatives, in turn, depends on a host of
others.

Numerous examples from the published litera-
ture regarding eviderce of state of cure, cure
cycle, and post-cure effects in plastics and
ceramics (firing-cycle instead of cure), as they
are evidenced by volumetric changes, which
create havoc in strain gage installaticns, are
covered in the Adhesives discussion in the
Strain Gage Encyclopaedia, for example [7].

Table XII illustrates some of the possible
rasponses of a resistance strain gage to just a
few environmental factors. It should be noted
that any undesired change in resistance of the

TABLE XI: POSSIBLE ENVIRONMENT-RESPONSE COMBINATIONS IN A TRANSDUCER

TRANSDUCER RESPONSE

ENVIRONMENTAL

SELF-GENERATING (*)

NON-SELF-GENERATING (*)

ASPECT OR FACTOR Temporary

Permanent

Temporary Permanent

Cesired
(Meusurand}

Undesired

(Sum total of
ail other
factors)

(*) See Table XIII, Fig. 1, and the accompanying discussion

Note that only one of the eight combinations shown above is SIGNAL~-the
desired response to the desired environmental factor. Hence there are
seven environment-response combinations which are noise levels. Note
that there is never only ONE noise, also note that systematic methods
of documenting the presence or absence of noise are available {1,6].
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filament which is temporary is misinterpreted
as a load-induced strain, and any permanent
resistance change (due to resistivity change)
is misinterpreted as specimen ylelding. plastic
buckling, or permanent set of a mechanical
Joint or of a bad ?age installation. With all
these effects coexisting and altl dependent on
the past history of the specific strain gage
installation [5j, the amount of confusion pos-
sible in the data is frighteningly hr?e.
Systematic approaches exist for controlling all
these effects, and documenting whether or not
at any instant during a test they affect the
data {1,6,7].

Strain gages are used as examples throughout
this article, because the author's background
permits him to make more definitive statements
about this sensor than any other. Nc'e that
the problems are all-pervasive and that the
background which permits an understanding of
one sensor automatically perwmits an apprecia-
tion of the problems associated with any
sensor [5]).

It should be noted that among methods for
suppressing the undesired responses, or the
responses to undesired environmental factors,
are subtractive cancellation through common
mode rejection, minimizing by division through
a variety of deviation-minimizing structural
arran ts, and in“Irmation conversion
£1,5,6]. In addition, an operzting point may
be selected, such that the particularly trouble-
some partial derivatives are effectively zero
(i.e., at a maximm or minimm). This approach
has been illustrated both for test rig design
and transducer design [20,1], and involves a
combination of material selection and geometric
considerations. This method is called self-
compensation, and its application yields, for
example, self-temperature-compensated devices
such as tuning forks, strain gages, etc.

A GENERWIZED TRANSDUCER CONCEPTUAL MODEL [10]

A1l transducers exhibit latent information para-
meters which must be activated before the
infcrmation thev contain is available as a
pattern of properties ¢f a wave shape of an
energy component, or its time and/or space
functions. The simplest conceptual model which
;:comtﬁ for the above facts is tilustrated in
qure 1.

Two energy components arriving at the Major
Input port create changes in LIPs within the
transducer; such changes nccur sbout a given
operating point or initial condition. The
definition of the Major Energy Input is that
input port at which LIP-variations are induced.

Two energy components arriving at the Minor
Input port interrogate the LIP in the trans-
ducer, or activate the latent information and
carry it through to the output port where two
energy components emerge. One of these (the
Primary Quantity) carries the desired informa-
tion on some pattern of some property of some
wave shape of some time and/or space function
of that energy component.

There are now four distinct possibilities as
summarized in Table XIII. One of the two input
ports is usually controlled by design of the
transducer and/or the measuring system. Thus

an example of a design-controlled Major Input
or LIP is the nature of the material-property
discontinuity of thermoelectric power across

the junction of a thermocouple. An example of
a design-controlled Minor Input is the constant-
voltage, constant-frequency excitation of a
Tinear, variable, differential transformer. If
both {nput ports are design-controlled, a source
{voltage oscillator, for example, or constant
tenperature bath) results. If neither input
port is design-controlled, either a computing

LATENT RESPONSE

AROUND Al
INITIAL
MAJOR SERANENT 0 '
e R —
INPUT REVERSIBLE. = ouTPUT
‘ ACTIVATED —
OR DIRECT
RESPONSE
THROUGH
INTERROGATION.
I :
MINOR Energy Conversion is
INPUT summarized in the
*Transducer Space"
FIGURE 1

TRANSDUCER RESPONSES: ENERGY AND/OR INFORMATION CONVERSION
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§ TABLE XI11: TYPES OF RESPONSES
: QN’“
' ESIGN- £71V RONMENT -
T NPT conTROLLED CONTROLLED
0 DESIGN- Source or Self-enerating
| CONTROLLED Standard Response
ENVIROMENT- | Mon-Self- Multiplier,
CONTROLLED Generating Computina Element
Response or a Problen.

element exists or a problem (noise levels,
according to the definition in Table XI).

The other of the two input ports is usually
environment-controlled; that is, deliberately
(nopefully) affected by the desired environmental
factor to be observed with the transducer, Con-
ditions at this port are therefore lsbelled
Environment-Controlied. For a thermocousle, the
Minor Input is under environment-controlled con-
ditions. For a differential transformer, the
displacements (and forces) which move the core,
provide differential magnetic reluctance paths
{1atent information) within the LVDT; it is
therefore identified as having an environment-
controlled Major Input.

By cosmon practice, the words SELF-GENERATING
(or activeg RESPONSES are applied to transducers
with desiga~controlled latent informetion para-
aeters or Major Inputs, and the words NON-SELF-
GENERATING (or passive) RESPONSES are applied to
transducers with design-controlled Minor Inputs.
Note that this transducer model shows for the
first time the indisputable relationships between
these responses, and the brutal fact that every
transducer will quite obvinusly exhibit both
responses sim:ltaneously. This fact serves as
the basis for the noise-documentation techniques
previously reported [1,6,10]. A more cocprehen-
sive model to account for the behavior of real
transducers is shown in Ref. 10.

ENERGY PROCESSING

Eaxergy processing within a transducer involves
the possibility of any energy components (or any
of their space and/or time functions) appearing
at any of the three minimum number of ports of a
transducer. 1f one tabulates energy forms as:

Chemical i
Opticai l
Mechanical ]
Electrical
Thermal

Magnetic

icoustic/F}uiéJ

{
) 2 components for each form

Nuclear
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then 8% major sets of possibilities exist within
which there are numerous variations. The first
organized systematic approach to the presenta-
tion of these possibilities was given in the
Trensducer Space concept [1]. The method is
based on pioneering work by Lion [11] modified
to account for the latent information nature of
transducers. Since :mergy processing in measur-
ing systems is not the topic of this paper, no
further discussion will be given.

In subsequent examples cited in this paper, an
indication of the energy processing mechanisms
in specific transducers »ill be given.

INFORMATION PROCESSING

Information can exist on patterns in time and/or
space of a tota: of 8 properties (involving
three wave shapes--constant levels, sine waves
and pulses). There are thus 32 possible combina-
tions [1,2] and therefore as many forms in which
information can exist, without even starting to
count the number of patterns or codes which have
been used. Each of these 32 basic information
forms has specific advantages and specific limi-
tations, such that 32 measuring systems, each
base’ on a different form, can be assembled,
calibrated, and yield 32 different answers when
exposed to the same measurand. A methodical
approach to the study of some of these factors
has been given elsewhere [1,7,15]). It is impor-
tant to note here that the conversion of infor-
mation-form from one of the 32 possibilities to
another is frequently desired as a method of
noise suppression or signal enhancement [1,6,10)
or as a means of stacking a number of channels
of information side by side in the time or fre-
quency domains [1], or for storage.

It can be shown that information conversion in a
transducer is ONLY POSSIBLE when the design-
controlled input to that transducer §s not a
constant level. Thus DC-fed devices of all
kinds are not capable of informatinn conversion.
Table X1V identifies the transducer operating
modes in which information conversion is possi-
ble, and those in which it is not, and suggests
possible symbois for their presentation in
measuring system schematics. {OC = static =
constant level = zero frequency = stationary)




TABLE XIV: IWTORMATION COMVERSION
POSSIBLE NOT_POSSIBLE
] __ — . % -
N O~ !r- O _.J -?) M le=0)
) r | 41 "p
% -
Non-self-generating Self-generating Self-generating Non-self-qgencrating
response with time- response with time- response with DC response with DC minor,
dependent pinor input |dependent, controlled, | major input, time- input, time-indepen-
For i;ut. | independert, design- dent, design-
= gn-zontro controlled controlled

Table XV i1lustrates both self-generating and
non-self-generating responses for electric LIP-
based transducers with resistance, capacitance
and inductance LIPs.

These principles apply to all transducers, and
it has been shown, for example, that zero-based
mechanical yulse carriers, working simultaneous-
1y with PAM and PFM information forms, can be
wmade to yield data not obtainable in any other
way [1,14]. It has also been shown as far back
as 1956 that under certain conditions the pulse
repetition rate, or sine wave frequency, of the

carrier can be a fractional part c¢f the signal
frequency, and all of the information contained
in the sional can still be retrieved [1,15]. An
example of this method applied to a mechanical-
pulse-carrier system is given in References 14
and 15, which anticipate the cperating principte
which the sampling oscilloscope and many signal
averagers usedteday,

A systematic study of measuring systems accord-
ing to the principles given in this paper reveals
a nusber of possibilities which either contra-
dict directly, established textbook statements,

TABLE XV: TYPICAL EXAMPLES OF DESIGN-CONTROLLED MAJOR AND MINOR INPUTS FGR ELECTRICAL "LIP“s

LATENT |

INFORMATION MAJOR MINOR

PARMETER INUT pro OUTPUT COMMON NAME FOR THE TRANSDUCING PROCESS
"Lip®

Resistance in displace- DESIGN-
ment: strain | COMTROLLED

Electrical Unit change Current Voltage Resistance strain gage; resistance devices

related to 1inear or angular displacement,
of all kinds, such as potentiometer devices

DESIGN-
CONTROLLED

Displacement Voltage Voltage Electrical chopper, if design-c.ntrolled

displacement makes and breaks a contact;
from zero to infinite resistance, periodically

Capacitance in displace- DESIGH-
ment: strain CONTROLLED

Electrical Unit change Voltage Charge Capacitive strain gage, if voltage is non-DC.

Capacitive velocity gage (rate-of-change-
of-strain gage) for DC Minor Input

Inductance in displace- DESIGN-
ment: strain | CONTROLLED

Displacement | Voltage Charge "Vibrating reed electrometer” or Vibrating
DESIGN- Capacitor, for sinuscidal dispiacements
CONTROLLED [Ref. 12]

Electrical Unit change Current Voltage Inductive strain gage for non-DC Minor Input. |

Velocity gage for OC Minor Inputs !
i

DESIGN-
CONTROLLED

Displacement Current Yoltage Magnetic modulator and Second Harmonic

Generator [Ref. 13]

Note that in these examples the Major Input always presents potential-energy-storing aspects at its
input, whereas from the Minor Input and from the Output, the transducer “i::ks" like 3 power dissi-
pating element (primarily) for resistive devices; like a potential-energy-storing device {primarily)
for cipacitive devices; and like kinetic-energy-storing devices (primarilyj for inductive devices.
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ar «ich yield entire new families of trams-
ducers which have not yet been conceived. Ex-
perimental evidence inticates that the textbook
statements are uften inzomplete and somatimes
arvoneous. The new transducer femilies which
are possible [16] are only held up by develop-
ments in materials research. It turns out that
modulated niezo-electric devices and thermo-
cocpiz’ are entirvely pussible, but that these
require materials with properties diametrically
opposed e the ones now being :xploited--hence
materials research is ndt progressiug in the
directicn to permit the construction of momla-
ted thermocouples and piezo-electric devices.
The fact that they will work when the materials
?eu]me availabie is established beyoad douot
10

EXAMPLES OF TRANSDUCER FORMULATIONS ACCORDING
- 10_THE DNIFTED APPRONH

tms section gives the information-and-energy-
Flow schemas for several common tramsducers,
according to the Unified Approach to the Engi-
neering of Measuring Systems and the conceptual
transducer model reported in this paper.

The devices cited are:

1. turbine-type flow-meter
2. mercury-in-glass thermometer
3. piezoelectrically based transducers

Energy conversion
without informa-
tion conversion

4, thermocouple

5. electric msistance-based sensors

6. vacum tubes as nluge-mrolld
resistors

n‘w each category, the f:1lowing information is
given:

. Type of response desired: self-generating
or non-self-generating. .
8. Emergy components involved at the various

ports.
C. Latent information components imvolved.
D. Informition form involved at the varieus
E. Measurand and its relationship to the

compoment .
F. !nfonatiu processing involved,
6. Energy orocessing involved.

An incrementally linear mathematical model for
the transducer is given, for some of the devices.

The coefficients wlthin this aodel are LIPs, as

will clearly be recognized.

The basic method for generating the coefficients
which are required ic taken from Ref, 1. The
coefficients themselves are taken from Refer-
ences 1, 4, 18, 17.

sPattern in Space of blades

Pattern in Space of
el [ f et 1 B
terms of Advance Mechanical energy { aaterdal
Ratio, J. / Amalcg Info. 7
a _
— 3% ¢
ﬂ' = L{ Information conversion without
""“ = energy conversion
3V
o} |
Fluid energy |} Mechani cal

Analog info.

Magnetic or Jptical or ‘
Electric Energy, Design- "o——
controlled Analog Info., =
or other —

¢ { Energy
PFM Info.

Latent information in the form of
magnetic reluctance, optical density,
or electrical capacitance or
capacitive reactance -

volume

pressure

angle

angular velocity
torque

AEpm <
T

oo

FIGURE 2

N

Electric or Optical (1o be applied
to photodetector) or Electric PFM
Information

A TURBINE-TYPE FLOW-METER AS INFORMATION AND EMERGY PROCESSING COMPONENT
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A Turbine-T Flow-Meter as Information
and 53_«,—!3&%‘, s 'W'

uvd energy In ) ow rate and pres-
sure act on the air-foil blades of the “turbine”
and create a rotational speed of the rotor,
against a restraining torque. The flow-speed
relationship is governed by the advance ratio
(J) of the air-foils. The restraining torque is
governed by bearing frictfon and back-reactions
from the design-controlled minor input of the
last stage of energy conversion (ex. magnetic
forces).

By distributing material in space in a pattern
of presence-or-absence of materizl, the analog
velocity 1s converted irto PFM information. The
mmber of Clades on the rotor identify the angu-
lar increments which can be detected or the
frequency of blade passage for a given roter
analog speed.

The pattern of presence/absence of material s
converted into

a. an electrical output by detecting blade
passages with a monopole pick-up which provides
a perzanent magnet (analog minor input) surround-
ed by a coil, such that the passage of each blade
evokes an electrical pulse.

b. an optically-induced electrical signal
by haviag the blades interrupt a light-bheam
focused on a photocell,

c. an electrical output created when each
blade interrupts an electrostatic field, or when
each blade produces a change in capacitive reac-
tance when it passes.

A Mercury-in-Glass Thermometer as Informa-
tion and Enem Frocesslg Device {See Table X).

or a tube of constant area and under con-
stant pressure, in the absence of external forces
{centrifugal, magretic, etc.) aad abutting
against an initial volume filled with a 1iquid:

Initial condition or operating point:

At temperature o
ANl of the 1iquid
ture at all times.

the liquid occupies volume V4.
is assumed at constant tempera-

The temperature-induced volume-increment can be
expressed by geometric factors:

dv =Adl A = area of the tube
and by material properties
3y
dav = % de
Hence:
d_ 1. a3V
de K %6
1)
dL 0 1 a3V
& r Il =G
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For high transfer ratio dl/ds it is necessary
to start with the largest volume V,, of a Tiquid
with high volume thermal expansion coeffizient,
being Rusbed into 2 tube  of the smallest
area, A,

S = entropy
F = force
= design-controlled major input:Vy;
(W/vg){(av/se); A
8 = temperature increment starting from -

L = C)F + C22 a linear model around the
operating point. Assuming

§ = C3F + C4e  that there is no opposing
force, F:

L = Cps the relationship between output
length and

S = C46 the thermal input characteristics.
The assumption of constant force can be
approximated extremely well in real liguid-
filled thermometers.

Piezoelcctrically-Based Transducers.

Piezoelectricity: Some crystals which are ani-
sotropic, such as quartz and tourmaline, gener-
ate a charge when mechanically strained. The
effect is reversible and phase sensitive. A
displacement applied to such crystals with
asymetrical charge distributions causes a rela-
tive displacement of positive and negative
charges within the lattice. This effect pro-
duces equal and opposite charges on the faces
of the crystal.

Ferroelectricity: On a pclycrystalline scale,
there are zones of spontaneous polarization
similar to the local domains in ferro-magnetic
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materials. These 20nes are pertially oriented
Yy tie appiication of an external electric
field, A ferru-alectric material, once polar-
ized, can be considered an artificially piezo-
electric material. Electrically, it is aniso-
tropic.

for a given ratural or artificially induced
polarization:

ind2pendent variables, F = force
V = voltage
Dependent variables, : = displacement
Q = charge

Linearly, or incrementally linearly around an
initial condition or operating point:

L= GV 4 CF
Q=Cv ¢ Cff
] 29
Ny ~ -
2 —
A
FIGURE 4
L
£ d¢ i
C, == or =~-d
LI PR a’v‘FO L g
& ds! i E
Cc =-| or —¢ s g o §
2 Fy.o dflvo LY
0 A
dq!
o _Q' or =
ERN PR av!Fo [P

Y = {

V=0 v,
c A
3.9 d 1
G fy-o ‘vo ]__.‘1 95
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L = length Jdimension related to geometry of
the material.

A = area dimension related to geometry of the
material.

i,J = subscripts identified with directions.

d = pie.oelectric strain constant for the
material.

st « compliance, which 1s higher for short-
clrcnit conditions (here) than for open-
circuit ones.

¢ = gielectric constant, which is higher for
free end (here) than fixed end conditions.

d;. = djq since the process 1s considered
i rgversible.

g = Piezoelectric stress constant, higher for
free)than fixed end conditions (free end
here).

Design-controlled major input: Polarfzation
and geometry. Initial condition identified by
subscripts “o".

Table XVI identifies the sywbols employed in
defining the piezoelectric material properties.
Note that reversible transducers such as piezo-
electric ones illustrate the effects of bound-
ary conditions on calibration data most effec-
tively. The Golden Calf Effect [18] of using
calibration data under boundary conditions
different froa those for which they were deter-
mined is serfous. Thus, the input coefficient
C2, the compliance, 1s higher for short-circuit
conditions than open-circuit ones, indicating a
lower resonant frequency and a different fre-
quency response curve for the mechanical char-
acteristics of the plezoelectric device for
charge-amplifier readout than for voltage-
amplifier readout. Similarly, the input bound-
ary conditions determine the output coefficient
C3, the internal capacitance of the device.
Thus under free-end input conditions of zero
force, the capacitance is higher than for fixed-
end conditions of zero allowable displacement.
Since the cable-capacitance corrections for
plezoelectric devices are determined by the
transducer output capacitance, and that capaci-
tance depends on the clamping conditions under
which the piezoelectric material 1s constrained,
problems may arise. These problems are among
many discussed in the literature on the subject
[I9§ but hardly demonstrated as simply as in
the preceding section.

A Thermocouple According to the Gradient
Aggroach See Flggure 5y. Tge thermoeTectric
effect is one of voltage generation along
homogeneous electrical conductors in tempera-
ture gradients. Thermocouples take advantage
of the effect by maximizing the differential-
voltage generating abiiity of materials of
different history, electrically connected.

This differential history is most often one of
chemical composition, but heat treatment and
cold work are known to produce differential
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TABLE XVI: TYPICAL SYMBCLS EMPLOYED IN DESCRIBING PROPERTIES

These sysbols identify pnperiies of materials and not of
physical elements made from the materials

6—open-c1rruit electrodes —short-circuited elactrodes
s —stress in 1 direction sE tress around 3 direction
:_smin in 1 direction t—strain in 3 direction

CONPLINKCE = SrRALY

A1) stresses other than the stress involved in one subscript are
held constant. Also applied as noted (*).

constant stresses on the —constant strains on the
'F_ terial {no forces, ex.) _ 8§ wmaterial; no deformations
Free ecd. 3 in any direction. Fixed-

end conditions.
l-— Electrodes | 1
: < l—E'lectrodes L 3axis

DIELECTRIC CONSTANT = JCHARGE DENSITY)

Relative dielectric constant, K = ¢/c® ¢ = for vacum

stress or strain is in this subscript used only
shear around the 2 axis . for ceramics; electrodes
k|5 Electrodes | the 3 k’ _} 3 axis, stress or strain

e axis 1 in al1) directions

3 axis
ELECTROMECHANICAL COUPLING
piezoelectirically stress applied equally in
induced strain, or 1, 2, and 3 directions,
.5 awplied stress in d (hydrostatic). Electrodes
33 3 direction. J? 3 axis for ceramics,
Electrodes | 3 axis ::‘ L 2 axis for Yithium

PIEZOELECTRIC STRAIN CONSTANT = pprxeYRALN

= SHORT CIRCUIT CHARGE/ELECTRODE AREA/APPLIED STRESS (*)

applied stress or applied stress' or piezo-
piezoelectrically I—electrically fnduced
g induced strain is in strain in shear around 2.

the 1 direction. L-Electrodes o1 axis
Electrodes _| 3 axis
PIEZOELECTRIC STRESS CONSTANT = " STR?"‘
FIELD

o (*) Axis of poling field = 3. Shear around

4, around 2 = 5,
6

1
shear around 3
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thermoelectric properties even in materials of .
identical chemical composition. Very sinor
+hanges in chamical composition in any Qaterfal

may produce drastic changes in its thermoslec-
tric behavior [6].

from Moffat: {Chapter 18, Ref. 1]

The voltage Mnerated in a lcopndeof two
homogenecus cunductors of differeat thermo-
electric power:

: 0]
£ -f',._.aols.__.a
net ol' Lz ;
R . 3
d = ¢ Y dx

If ¢ is not a function of distance (hamogeneous
condui tors), spatial dimensions may be replaced
by thermal iimits at the spatial Timits:

£ r’ aws[Me, . at
- €, » dt ¢ l Ca *
net T‘ i Tz 2

= ITZ (eq = g,)dt
T'I 1 2

dk
c'(a-iz-u)

¢ = Absolute value of electrautivg force.
kp = Peltier coefficient.

If the thermoelectric power is not a function

of temperature or distance aleng the conductors:

Eret = (e - €2}{Tp - Ty)

x = {ncremental distance.
u = Thompson coefficient.
t = incremental temperature,
T = absolute temperature.

This information is tabulated for various
c-pairs and Ty values.

Length L Length Ref. G
Temperature 1’2 € Temp. Ref. 1’1
<
‘-2 T

FIGURE 5

Major Input:

Design-controlled by waterfal selection of
» c L2

Uml:y fixed and time-independent.

Minor Input:
Primary quantity:
Temperature difference, ¢ = Tz - T‘
Tespereture level T (absolute)
Reference temperature T
Secondary quantity:
Entropy S‘
" Yhermal energy.
Usually in analog form.
Output:
Primary quantity:

Potential difference 13
Current 1

Electrical energy.
Usually in analog fom.

Energy Conversion:

Thermal-electrical at constant material
properties.

Information conversion:

Not possible at constant material
properties.

Relatfonships [4]:
k
€y = Iy '“fcﬁls

k
o=-[21-0+ s
el
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= Peitier coafficient
C, = heat capacity (*)
z“ = adisbatic resistance of the junction
Q = charge flewing through the interface
ET = thermal emf generated

3
|
L) —
—r—
0'5 !
- _
é::;::l [SUBTRACT [ OuT
ois
Q
% —
- €
2 E,
FIGURE 7

T2
El'rl—-dx-vl €y ¢ dt + €(T)-Ty) = 40
0 L

¢ T2
Ez = Cz T o dx » I Cz o dt » Cz(Tz'Tl) = Cze
0 L
ot = (El - Ez) = e(cl - cz)

General Case for Electrical Resistance Based
Detectors. ven an electrical resistance
detector for which the relationships between
environmental factor, qy, and electrical resis-
tance can be expressed ]n the following form:

R =R (1+Kag))

{*) The heat capacity at constant pressure,
C =mc
P P
cp = specific heat at constant pressure
m = mass

89

which is often expressed:

% = KQM,I

or as:

r()'K

the q‘;coefficient of resistance.

Ro = the initial value of resistance at
condition q1

R = the final value of resistance at condition
Rl Tl TR
[}

- AR = the resistance change (R - Ro)

aqq = the ql-dﬂm (q'l S q'o)

Given an electrical Minor Input to interrogate
the sensor resistance, or to activate it, as
shown in Figure 8, and a resulting electrical
output. Voitage detection is very common, and
is 11lustrated. It implies current excitation,
also shown,

Figure 8 models the device as an energy and
information processing transducer, assuming
incremental linearity cbout an operating point
" {dentified by subscripts "o"

Select as independent variables, since they can
usually be eastly controlled: LD f,and I.

The governing relationships then are:
(e'eo) = k]‘ql'ql )+ kz“'io) + k3“'l°) (m
(v'vo) = k4(q'|'q'| ) + ks("‘o) + ke“'lo) (2)
(qz-qzo) = kplay-a; ) + kg(i-1) + ko(I-1)) (3)
°

For the sample circuit illustrated, V = e so that
equations 2 and 3 are identical and "l = k4.

kp = kg» k3 = kg.
Evaluating the coefficients "l' "2’ k3 as
examples:

"l = Aelaq] for at = Al =0

e toe = (Io-io)(Ro*AR)
se = (lo-io)(AR)
but .
8
.R_o. = K.Aq,‘

hence




i 1 3 4
- e
° : 0 : MAJOR — | = outeur
5 + INPUT ——
q i
¥ (lo-io) Ro ) € 2
- L _ - l“ I' MINOR
INPUT
THREE -PORT MODEL
PMITL | DORETION Initial Condition:
] € * Rollg - g}
.- ('o—_-* ) (-1-0—;-5, f Final Condition:
' e, ttes (Ro + AR)(lo + Al
+ R +
(V°+AV) “o’“ +0 (eo + Ae) - io - af)
- -10-51) aR -
. FINAL CONDITION
FIGURE 8
lk‘l = se/nq = (lo-io)(lto)(l:)l This represents the maximm voltage output from

2 resistance sensor of the type discussed here,
in any electrically passive network (circuit

or for 1, = 0, open-circuit conditions: structure). 4
AC/AQI = lO.RO.K

The Vacuum-Tube as a Voltage-Controlled
kp = te/sf for 5qy = 0 (R = R}, and a1 = 0 Resistor. nearized approximation of a

triode Is shown below. The pertinent charac-
teristics are:

e toe = (Io-io-Ai)R6
u = (aE/ae) at constant plate current,

e = -M-Ro the Amplification Factor
> - - r_ = (aE/al) at constant grid voltage, the
[ kp = se/si = Ry | P Plate Resistance ’

Ec = the cut-off voltage

k3 = se/sl for aj = Agy = R =0
Eb = plate voltage

et e = (loi I-1°)Ro 1_ = plate current
e= IR Ro = total resistance at the operating
[} point = £°/I°
k3 = se/sl = Ro from the 1llustration (Figure 9) it is seen that
Hence equation (1): By =E. * Io-rp +uee,
se = Ro(Ig-1g)Keaay - Ry-al + Ryeal Dividing by I,
For a constant-current source 1 = o and for - 3
open-circuit read-out conditions, 10 =7 =0, Ro rp * (Ec/lo) * (”/lo) %o
so that
As the grid voltage changes by se, a resistance
lAe = Ro-lo<k-q];] change AR occurs:
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AR . The vacoum tube has been modellod as a VOLTAGE-
as " T-o K Inumits of VOIts  coNTROLLED RESISTOR. It should be noted that
° : 1 fmi 1t for some vacuum tubes, geometric relationships
.tlts per milii- between grids, plate, and cathode, are the
volts at e. basis of the transduction process, notably tn
1 . the vacuum-tube accelerometer. In that case,
Overall, then: . an acceleration-sensitive resistor results as
mode], and the varfations of p and rp with
S~ acceleration must be determined, since all other
R,+R=R= (rp + r‘-:- + Key) + Koze parameters now remain fixed.
0 .
dote that the voltage-controlled resistor model
of a vacuum tube does not supplant the incre-
sental-voltage-source model used by electrical
i engineers. It is an additional aid in unify-
—1 ing and understanding the behavior of energy and
o_l\'__"__t\____o “ {nformation processing elements--i.e.,
transducers. B
R AR = Kepe

Similar models can be constructed for transis-
! tors, diodes, and any component normally model-
FIGURE 9 Ted in electrical engineering. A differential
. amplifier then becomes a Wheatstone Bridge, and

a1 analysss of bridge circuits apply directly.

The structure {circuit) into which the vacuum
tube is placed for activation of its latent
{resistance) information, will determine
whether the more convenfent model {is:

R=R,+ K-u]or[fﬁ = ({:)-u

Plate Grid Voltage - e e Eb
i 1 0 -e) -e, -ey :eo = -

Grid 1
Current Ip] f IEb

Operating
Point TRANSDUCER CONCEPTUAL MODEL

Plate
Voltage

|
|
|
I
l
|
!
'E

1 b

TR

PHYSICAL MODEL

LINEARIZED APPROXIMATION OF A TRIODE

FIGURE 10
THE VACUUM-TUBE AS A VOLTAGE-CONTROLLED RESISTOR: ILLUSTRATIONS
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LATENT INFORMATION PARAMETERS: HOM THEY MANIVEST

The appearance of LIPs as input, output, or
transfer coefficients of scalar, vector, tensor,
and matrix expressions has been identified in a
previous section. A brief survey of how LIPs
appear in several common systems will be pre-
sented in this section.

A._In Linear, iumped Parameter Systems. .

Many components of measuring systems are used in
frequency ranges or to time scales where they
can be modelled as Jumped parameter (at Iust
incrementally) linear components with reasonable
success. Many links in the measurement chain,
including such devices as load cells, accelero-
meters, pressure transducers, thermocouples,
many amplifiers, some filters, and even certain
distributed parameter links such as cantilever
beams, etc., can be modelled by one or a com-
bination of linear differential equations with
constant coefficients, of the first and second
order. This simple, common examp’e of the
manifestation of LIPs is discussed below. Let
the modelling relationship be:

¢y, &,
a?’ﬁ"‘a—t“’voz'%(t) (4)

where a or y may equal zero for first-order sys-
tems, and where Q;(t) 1s the excitation, input,
forcing function, service condition, or stimu-
lys. The dimensions of each term of the equa-
tion are those of Q; and it must be emphasized
that Q1 and Q2 have been selected according to
the dilensioml relationship of Equation (5),
ylelding

iQII . |°2| = Energy| (s)

latent information parameters (LIPs) such as
defined in Tab’e VIi:

Q
as L (6)
dzozlit!
Q
o * T U
Q
Y -5;- (8}

tquation (4) can also be rewritten as:

¢,
—T*an a‘dT"‘Wn 2'0‘(t) (9)
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For first-order systems, twd formulations m
possible:

a.
B et %M, = Gt) (10)

7 - (0 ()

The following definitions of the characteristics
of these equations apply:

w, 2 v/o the undq:dir mtur::md
o e, G @ (12)

he—bo the damping ratio of the
2/y+a  second order system,
Eq. (9) (13)

w, = (v/8) the characteristic
frequency, also known as
the break-point, 3-db

int, frequency limit,
0.7% response point,

system, Eq. (10) (14)

v, (8/a) :he cnancgﬂt;:lgi
requency rst
order-system, Eq. (11) (15)

T = (8/y) the time-constant for
the first-order system,
"Eo. (10) (16)

1 = (a/8) the time-constant for

the first-order system,
Eq. (1) O

It can be shown that the energy stored 1

LIPs identified above in Equations (6), (7), and
(8), or the energy dissipated as power in
Rldirectly associated with each LIP as follous

Energy stored in an a-element: =

dQ
%a (a-ei)2 stored as a rate of
change in kinetic form. (18)
Energy stored in a y-element: =

%y (02)2 stored as a level, in

potential form, o (19)
Energy stored in a g-element: =
None energy is dissipated
as power.

Hence, one can associate each of these parame-
ters with certain physical responses in the
system they model. It should be noted that each
of these parameters may contain a collection of
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modelled linear lumped-parameter elements.
Thus 1t is not unususl in mechanical systems,
for example, to find a certain comdination of
masses, springs, and dampers as expressing the
a-term, for example. The exact form of each
parameter depends on the system comporents and
the system structure, where the concept of
“structure” is used to identify the relation-
ship between the components, so-etiles alled
the circuit or the network.

In recognition of these possibilities, the
following nomenclature has been adopted for the
study of such systems, when the study is based
on energy-flow (Eq. 55 rather than the wore
standard power-flow concept used in most text-
books. A comprehensive and basic treatment of
the energy-flow approach is given in Ref. [1].

a = kinetic energy storing parameter for
the system described in €q. (8)

8 = power dissipating parameter for the
system

Y= pofentlal energy storing parameter for
the system.

he system dumteristics tabulated in Egs.
12) g t of the forcing
function in Mmr sysu-s The frequency
dimensions are in radians/second and could be
called lar veleci . In distributed para-

nur sys ristic linear velocit
{wave front vclocity) wiil aspeir In Loe #
Wy OF W,.

8. In Linear Systems with Paraseters Distribu-
ted alond ﬁe Spatial DimensTon.

Sometimes the individual components 1dentified
in the earlier sections can not be specifically
separated because they are continuously distrib-
uted and no nhe component can be made to pre-
dominate in the time-or-frequency-scale of the
operating conditions of the transducer. A
simplified version of the equations governing

a typical one-dimensional system of this type
is given below for the model {llustrated in
Figure 11. The equations are written for
voltage and current, for which the product is
power rather than energy. This distinction
from the formulation of Equation (3) should be
noted. Let:

r = resistance per unit length of an
electrical cable

L = inductance per unit lenyth of the cable

¢ = capacitance per unit length of the
cable

g = conductance per unit length of the
cable.

Curvent
i(t,z) —=*+—

¥oltage v(t,x) | :'L-‘

FIGURE 11

" MODEL _FOR AN INCREMENTALLY -L INERR
- LENGTH OF CABLE 2

The governing equations are [1]:
2%, 8% o2 22 » ()

2 .2
32V i 2 3% - '__.2 _:_1; (21)

fomlation of the

The above equations a
Ie operated 1n a

waye tions, and a
requency region or ts time scales where these
effects predoninate is called a transmission
line. The followi tem characteristics are
Tdentified 1n Eqs "?zo and (21).

3" ri) the wave front
(1inear) velocity (22)

Zo = /t/c the characteristic
impedance which governs
the reflection and
refra_tion phenomena
at each end of the
cable, or where dis-
continuities in
geometry or material
properties occur. {23)

2 (s+6[§s4_g)_
y = the propagation func-
a tion which determines
the time delay, attenu-
atfon, and distortion
of the wave as it
propagates, (24)

t the Laplace operator.

5§ =r/t a power dissipating
parameter of the cable. (25)

v =g/c a power dissipating
parameter of the cable. (26)

e = (ues) governs the attenuation
of the wave. (27}
governs the distortion

L= ‘2(‘»1'5)
of the wave. (28)
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The atlenuation of the traveling wave is given

by . amd ity distortion by ;. For zero ¢ all

frequency conponents of the wive travel at egual
velocity. There is aG distortion decause the
electricat and nagnetic energies are in balance
at the time the wive strikes, and no adjustments
ave aecessiry. For non-zerv 1, each frequency
componeat of the wave travels at its owm velo-
city, shsays less thar a,, and the adjestment to
energy wabalances cause wave shape distortion.

for a sechani:;al bar of lemgth L, area A, density
ze and 2lastic modulus £, the equivalent guanti-
ties wuld de:

¢ equivalent to k the compliance per
unit l_eagth

t equivalent to = the mass pe - uait length

k= 13-{ = l'}!“ a per-unit-length lnsis“ (29)

m = ALz = Ry on 2 per-unit-length
- : basis (30)

Thus:

a - 773 the so-called speed of
sound or celerity in a
uni-disensionz} geometry {31)

7, M - 2—-‘- the dynamic stiffress  (32)
0

ot enough 1s usually known about the internal
damping mechanises in materia’s, so that the
sechanica? equivalunts of the resistance and
conductance per unit length are usually meglec-
ted and assumed as Zevo.

It can be seen that the physical quantities
which affact any +7 the LIPs r L, c, Or g, Or
their mechanics’ equivalents, will a‘fect a
ausder of anpects of overall system percormance
characteristics. Examples of these are reflec-
tion ard/or refraction phenomena at discontirui-
ties, through effects on Z°; wave front velocity;
tine delay; attenuation or distortion of the
wave in the medium. The activation of latent
information zan therefore occur through any of a
number of mechazisms.

I, should be emphasized that the traveling wave
equations identify pairs of traveling waves.
Tnis concept agrees with the transfer of energy
or its rates of change, such as power, The
comnon neg.ect of one member of such a pair :an
lead to data that appear unexplainable and ‘ro
rational, The problems arising in the mea:ure-
ment of traveling strain waves in mechanical
structures, with electric resistance striin
gages, when the displacement-wave is not remem-
bered, is an excellent example of such a case
f1]. Tne displacement wave moves the strain
gege very rapidly, albeit by a microscopic
amount ; any magnetic flux lines, such as the

earth's, which cut the rapidly soving 1e0p (or
loops) of condutting filament reprasenting the
strain gage, creite self-generating responses
into the mpasuring systen. Thess responses
occur to the same tise scale as the straims to
be observad, and their itude 1s in the
neighborhood of a millivolt for nevmal condi-
tions; this represents a sizesble nofse Yevel
which smust be dealt with. The standard noise-
documentation methods inhérent in the Unified
Approach are the only methods available for
hardling this prodles [1, 6].

C. In Ligear S with Parsmeters jstrib-
. '] n or f ] ons.

A wvave is a disturbance moving through a medium.
For tramsverse waves, particles aove perpendicu-
Tar to the direction of wave propsgation. For
Tongitudinal wives, particles move paraliel to
the direction of wave propagatien, the proposi-
tion already examined for one-disentions)
geometries in Case 8, above. Surface waves in
two-dimensional cases, include circular or ellip-
tical motion of the particles. In the general
3-dimensional case, waves transmitted across &
boundary say be subjected to effects such as the
following:

a. the wave may travel at a new speed.

b. the excitation may travel at a new wave
Tangth or freguency.

c. the wave may propagate in a new
direction.

d. the wave may propagate in & new plame of
polarization (fop' transverse waves).

2. only a portion of the energy in the
. wave may penetrate the new medium from
the source-medium: the refracted

portion.

f. a portion of the energy in the wive may
be reflected back into the source-
medium: the reflected portion.

For one-{spatial)-dimensiosial waves, the reflec-
tion and refraction coefficients, identifying
those porticns of a specific energy-component
which are reflacted into the source medium, or
transmi tted into the receiving medium, Are
governed by the characteristic impedances or
dynamic stiffnusses, Z_, of each medium at the
contact interface. Th wave propagation velo-
cities are gaverned by the values for a, in each
medium,

in a large solid, dilatational or longitudina?
wdves propagata at a veic-ity

.
a =a./ ~ where y = (33)
L "o/ {TWull1-au) poiecon's ratio

for the medium
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and rotatioos) disturbances or shear weves,

preducing particle motien perpesdicular to the
mve propagition direction, piopagate at a

velocity:
% = %/ AT (34

Along a free P » Rayleigh surface vaves
are propagated much like on a fluid surface,
and aro attenuated rapidly with depth and as a
function of frequency.

In more complicated systems such as those asso-
clated with electromagnetic fields in optical,
electrical, and magnetic systems, where proper-
ties such as index of refraction ave described
by second order temsors, additional effects may
occur, which can be defined as latent informa-
tion parameters. In two-dimensional space, 2
change in the direction of a ray is possible,
and in three-dimensiona] space, chayus 1n the
orientation of & plame w.2 way occur. Such
angular effects are especially associated with
refractive indices and with polarization
effects. Thus latent information can be acttva-
ted by the determination of changes in angle of
polarization of components of the traveling-
n_vﬁ pair, as in photoelasticity or in the Xerr
cell.

When latent information is activated by inter-
rogating it with a Minor Input, the process is
sometimes referred to as the modutation [2] of
the Minor Input by the latent infcrmation para-
meter. Some of the pertinent considerations
for eiectro-optic modulators are discussed
below [21,22]. There are two basic of
Vight-modulators--temporal and spatial. Tem-
poral modulators vary electro-magnetic charac-
teristics such as phase, frequency, amplitude,
etc. Spatial modulators vary the physical
quilities of the Vight beam such as direction,
intensity, baam width, etc. This division is
consistent with information beirng carried on
patterns in space or time of properties of wave
shapes of energy components [1,2,3]. In the
temporal electro-optic modulators, two types of
retardation can occur: linear retardation,
called the Pockels effect, and quadratic, called
the Kerr effect. The following material proper-
ties and parameters are important in electro-
optic materials selected for modulator design
[f;.zz]. Note that many of these can act as
LIPs.

The electro-optic coefficient (r) relates the
induced birefringence t0 the applied electric
field. The refractive index (ng determines the
speed of 1ig n wedium, the reflection
Tosses at {ts surface, and the “figure of merit”
(ndr) for elect:o-os:ic mgdula:;on. Thelg_a_n_?_-
mission properties determine the spectral region
available for modulation. The relative dielec-
tric constant [c) determines the capacitance of
the crystal and the speed of electric fields in
it. The loss tangent (tam 5) determines the
electr;cal Toss igmiaulation power) in the
crystal, .
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The glectrical resistivity (o) relates to space
a@’rﬁ-es m’.} of the mecfur.

Crystal s deterwings the nown-zero

N c, piezoeiectric, and photoelastic
cosfficients and the applicability of the
rystal to specific device configurations.

The photoelastic and piezoalectric properties
deterwine the frequencies of undesired piezo-
electric resonances and relate the clamped to
the uncl (fixed-end to free-end boundary
conditions) electro-optic coefficients. The
thermal conductivity of the medium determines
the deleterious birefringence due tv thermal
gradients in the crystal heat by electrical or
optical sources.
The refractive index in an absorbing mediunw is 2
compTex number

N=n+jk (35)

n=c/v the refractive index defined as
:!fne ;atio of the pbasr:d velocidy
e tic {ation
in vmeww the phase
velocity of the same radiatic:
in the material, (v)..

k is the extinction coefficient
or absorption index.

Both n and k are frequency-dependent, or wave-
length dependent. They also depend on tempera-
ture, pressure, nuclear radfaticn, and material
preparation techniques, which is especially
important for thin films.

It 1s seen that many of the material properties
cited above, could be used as LIPs of either
permanent or reversible types. It is equally
apparent that certain effects desired for one
applicatica may be undesired for others.

D. Other Possibilities in Linear Systems.

Other possibilities exist, for example in plezo-
electricity. The parameters which define the
prooerty of plezoelectricity are called third-
order tensors, because they relate first-order
tensor (the electric moment produced) to the
stress applied (a second-order tensor)(23].

The number of such parameters varies from one
to 18, depending on the materials involved. In
a semi-conductor, the piezo-resistive effect is
described by stating the relationship between &
stress tensor and an electric resistance tensor.
It can be shown that the pie.c-resistive tensor
(the basis of the electric resistance strain
gage) is a fourth rank tensor which, in general,
contains 81 terms. It has been stated that if
a shear stress is applied to a suitable form of
semiconductor material, the propert; that
changes is the ratio of an electrical field
component to a perpendicular current density
component {24]. In the absence of a shear
stress, this ratio has a value of zero. Since
the material most frequently used for semi-



conductor strain censors is silicon which has 3
cubic structire, only three terms of the tensor
ére retained, and these are of the fourth rank
tensor type. They miy each be used as iIPs.

E. Non-linear Systems.

In nor-linear systems all of the paraceters
discussed in earlier sections now become
amplitude-dependent. Thus each amplitude of
strain propagates at its own velocity uependent.
on the tangent-modulus E* = do/dc at the strain
amplitude being considered, even for one-
dicensiona' mechanical traveling waves such as
treated in Section 8 abouve.

In general, non-linear systems arve frequency-
zreative in that the frequency-content of an
everging output signal need bear no resemblance
to the frequency-content of ingut energy-
components. Such effects can all be used 2s
LIPs for information processing (wodulation).
In many cases they represent undesired environ-
went-response combirations which are to be
suppressed. The general noise-documentation
methods of the Unified Approach apply to these
cases [6].

ACTIVATICR OR INTERROGATION OF A LATENT
INFORMATTON PARRMETER'

Evidence of the latent information contained ir
a LIP can only be obtained by interrogating it
with an energy component, and obtaining as a
respsnse another energy component, The informa-
tion obtained in that LIP will be carried on
some pattern of some property of some wave shape
of that output energy component. The possibili-
ties of activation are so numerous that a
sy:::nat:c study c:m thes i? g:vm]elseuhere f10].
Suffice it to say tas e, %~En-
meter capacitor, for example, can have {4
it contains activated in at least the following
vays.

1. Measuremest of the value of C itself as
charge per volt.

2. The time comstant of a first-order system
into which it is inserted.

3. The characteristic frequency of a first-
order system into which it is inserted.

4, The capacitive reactance at a knowe fre-
quency, in a circuit.

S. The magnitude of the impedance formed with
4 known series resistance.

6. The pluie angle of the impedance formed with
2 known series resistance.

7. The damped natural frequoncy of 2 second-
order system inte which 1t is inserted.

8. The rate of decay of the transient
of a second order systea into which it is
inserted. (Not applicable for capacitance.)

9. The resomant frequency of a specific portion
of a second-order system into whick it is
inserted, perhaps maintained at forcing
frequency by means of a closed-loop feedback
arrangement.

10. The maximm dynamic magaifier for one of the
energy-storing responses in a second-order
system into which it is inserted.

11. Aay properties in any of the sultitude of
bridge circuits into which the capacitor
night be inserted.

The systems cited above may Le excited with a
transient, such as a step, with a sine wave, or
with DC. In the DC-excited system, a time-
dependent LIP (or capacitance, in this case) is
required, resulting in a Vinear differential
equation with time-dependent coefficients, the
responses of which carry the LIP-information on
an energy component.

o> @ @D e paso—————

stress analysis.

o —— i e

DEDICATION
Tnhis paper is respectfully dedicated to the memory of
WILFRID L. WALSH

for many years associated with
The A. ¥V, Deforest Laboratery
for Experimental Stress Analysis
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
Campridge, Massachusetts

friend and teacher aho first inspired me with the possibility tha. makirg
neasurements was 3 respectable occupation of which one could be proud.
"Coc"” had a hand in the development of the tonded resistance strai: gage,
of magnetir particle inspection, and of the brittle coating method .f

106




Bt o v o

1.

2.

3

‘Q

10.

n.

12

ces, InC., x, Arizoma,
edition, 1970 (ist edition, 1962).
Stein, Peter K., Semsors as Informtion

WWWM- dJune
1970, »p.

Stein, Peter K., The Engineering of Mez-
suring Systess, Jal. of Metals, Oct. 1969,
pp. 40-47.

riin, 1969. irveasl. by O. He !
the original 1965 Soviet edition.
Stein, Peter K., The Role of the Individual
in Transducer Society, SESA Paper at the
Fall 1970 Meeting, Boston, Mass., and
tutorial nager at the First Measurement
Science Conference, California Polytachnic
Institute, San Luis Obispo, Callfmla.
i on No, for
008 nte
versity, jespe, Arizona 1.

Stein, Feter K., The Response of Transdu-
cers to Their Environment, Shock & Vibrs-
tion Bull. Vol. 40, No. 7, T989, pp. 1-15,
als0 Proc. 6th Transducer Vo . IRIG.

White Sands Missile Range, N. ., 1970.
ppi 91.106, .E“ Proc. Techni

Stain, Peter K., The Strain E Jo-
Ha, ¥ol, 11 n

n Enginesring Services, Inc., X,
Arizona, 1962 (out of print).

Lessing, Lawrence, Great Hopes from
Ovshinsky's Little Switches Grow, Fortune,
Vol. LXXXI, No. 4, April 1970, pp. HF
114, 122-124.

Taylor, George W., Feasfbility of Electro-
optic Devices Utilizing Ferroelectric Bis-
muth Titanate, Proc. IEEE, Vol. 58, No. 8,
Aug. 1970, pp. T220-128.

Stein, Peter K., Information Processing in
Measuring Systems, Publ. No. 20, Laboratory
for Measurement S ngineering,

2oma State versity, ‘empe, Arizona,
April 1970.

Lion, Kurt S., Instrumentation in Scienti-
fic Research, McBraw-Ai1T Book to., New
ork, 5
Palevsky, Swank and Grenchik, Design of a
Dyramic Condensor Electrometer, Rev. of
Scientific Instruments, Vol. XVl

s P.

13. Williems, F. C., S. ¥. Noble, Fundamental
Limitations of Second Harmoaic Megmetic
Modulators, of 1.R.E., Vol. 97, Acg.
1950, »p. .

14a. Stein, Peter K., Strain Nessurement on Ball
Bearings in Operating Gas Turbines, Strain

Sage Bustings, Yol. 11, ho. 4, oct.Hov.
s 9.

14b. Stein, Peter K., Strain-Gage-Based Shaft
Whir] Instrumentation in Gas Turbimes,

S%? %g Wigﬁ. Yol. Iv, No. 3, Aug.-
t. s PP. .

Tic. Stein, Peter K., Measuring Bearing Strain,
lus%ts & Control SEt-s. Yol. 37, No.

[] . [] ”- - .
15. Stein, Peter K., Notes and Lectures for the

advanced Measurement Syste-s Engineeﬁng
COIim. ‘ “2. al Al - i

16. Newbert, H. K. P., Bilateral Electro-tcllanl-
c¢a) Transducers: A Unified Theory.

Afrcraft Estab)istment rt TR
Bct. 1948, Farnborough, %’Iﬁ.

17. Clevite Corporation literature on Piezo-
electric Materials. Bedford, Ohio, 44146.

18. Stein, Peter K., Tracesbility--The Goldn
Calf, Ms%u & B%. Yol. 2, No. 4
July-lu?.. =105; Proc. Hestcm
U mnfemu for 1968 -
sconsin, s PP. 21.

19. Sdlloss » fred,

Bulletins 1-10, Wilcoxon
Research Corp., Bethesda, WaryTand 20014.

20. Moffat, Robert J., Uncertainty Amalysis,

pager distributed :t the )
n
C tan

21. Milek, J. T., S. J. Helles, Linear Electro-
optic Modulator Materials, Electronic
P rties Infomtion Center Publica tion
rcraft ulver
'CTE Cal .» Air Force Materials Lab.
Contract F33615-68-C-1225.

22. Moses, A. J., Refractive Index of Optical
Materials in the Infrared Region, EPIC

M.TEE%G& Jan. 1970, AFML Contract
F136 -C-1225 [See Ref. 21 for details).

23. Condon, £. U., and Hugh Odishaw, editors,
Handtook of Physics, McGraw-Hill Book Co.,
ew York, » sections by E. U. Condon.

24. Dean, Mills 111, and Richard Douglas,
editors, Conventional and Semiconductor

Strain Gages, Academic Press, New York, 1962,
chapters gy A. Kurtz.

107

R ST



X

T

TEST FACILITIES
USBR VIBRATION TEST SYSTEM

R. M. McCafferty
U. S. Bureau of Reclamation
Denver, Colorado

This paper describes the electrohydraulic vibration test
system of the Bureau of Reclamation, Denver, Colorado. The
testing facility, testing equipment, control equipment,
instrumentation, and analysis equipment of the system are
discussed. Testing and analysis methods used on the present
testing program are also covered.

INTRODUCT ION

The United States Bureau of Recla-
matior. (USBR) of the Departmeat of
Interior has installed a vibration test
systea at its Engineering and Reseaich
Center, Denver, Celorado. The systes,
under the control of the Division of
General Research, is used to study the
effects of simulated earthquakes and
other dynamic forces on test specimens.
Primarily, it has been used for deter-
mining the structural response of rein-
forced concrete specimens. Programs
are being considered for other dynamic
problems such as structure-foundaticn
interaction, hydrodynamic effects,
dynamic material properties, and response
of steel structures.

The specific equipment discussed in
this paper was purchascd to perform a
certain function based on given specifi-
cations. 1In no manner may this paper be
considered an endorsement of the cquip-
ment.

TEST FACILITY

Vibration equipment consisting of a
double-acting ram, power supply, and
clectrornic control equipment was firs:
ordered in February 1966. About four
months later, it was received, inspected,
and installed in a temporary location
where it was used in two testing proj-
ects 1/, 2/. It was realized from the
beginning that an efficient and versa-
tile testing facility would require a
permanent installation and periodic addi-
tion and updating of equipment. Random
testing capability was acquired when
additional control and analysis equip-
ment were delivered in July 1907;
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however, the permanent facility was not
completed until January 1969. Figure 1
shows a plan view of the 53-ft. 4-in.
by 42-ft. testing facility. An over-
head 5-ton crane, mounted on rails near
the 26-ft. 8-1/2-in. high cciling, is
used for moving test specimens and
equipment. Morizontal spc:is cf either
10 or 20 feet per minute (fpm) and lift-
ing speeds of either 7 or 21 fpm are
available.

A major feature of the building is
the 250-ton seismic mass. The reinforced
coucrete mass is 28-ft. by 17-ft. by
5-ft. 8-3/4-in. with a 5-ft. by 5-ft. by
12-ft. buttress at one end. The entire
mass was constructed monolithically in
one day., Surrounding the mass is a
2-ft..wide trench covered with steel
grates. The grates and upper surface of
the mass are at floor level for ease in
movement of test specimens, equipment,
and personnel. Plan and section views of
the seismic mass are showr in Figure 2.

Eleven ste.l plates are post ten-
sioned to the mass to provide a smooth
and level surface for mounting cxciters
and test specimens. Ten plates are
horizontal and one 4-ft. by 4-ft. 6-in.
by 8-in. thick plate is mounted verti-
cally on the buttress. The horizontal
plates on the mass consist of three
7-ft. by 6-ft. by 4-in. thick piates
along each long side and three 4-ft.
6-in. by 4-ft. by 8-in. thick plates and
onc 7-ft. 6-in. ty 4-ft. by d4-in. thick
plate located along the centerline. All
plates werc positioned with preset
1/2-in. leveling bolts and grouted in
place. A non-shrink grout was mixed
with very little water and hand tamped
into a 3/4-in, space under the plates.
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Figure 1 - Plan View of Testing Facility

All plates have a No, 125 finish and the
horizontal plates are within 0.02-in., of
a level plane. Tae buttress plate is
perpendicular to the horizontal plane
and the centerline of the mass.

The 4-in. thick plates along the
long sides of the mass are each post
tensioned with nine 1-1/4-in. diameter
anchors which are 2-ft. 8-in. long and
anchored in the concrete by 5-in. by
Z-an. by 1-1/4-in. steel plates.
Anchors for the plates along the center-
linc are 2-in, diameter bolts and 2-ft.
8-in., long with a 7-imn. by 7-in. by
2-in. anchor plate. The buttress plate
is anchored similarly except that the
2-in. anchors go through the buttress
and are secured with a plate and nut.
t.ach bolt was post tensioned in two
stages to 10 kips for the 1-1/4-in.
anchors and 25 kips for the 2-in.
anchors. The nuts are recessed and the
excess anchor ground ott below the
tinished surface. Provision was made
for future addition of a steel plate on

each side of the buttress plate for
special testing requirements. Since no
attempts have been made to remove the
plates, there is no experiesice on the
easc of removing or replacing them. The
quality of the grouting surface below
the plates is unknown.

The seismic mass is isolated from
its 21-in. thick reinforced concrete
foundation by an air operated Barry iso-
lation system. The tystem has 25 model
AL255-12 isolators located in a notch
(see Fig. 2) around the bottom edge of
the mass. Twelve isolators are located
along each long side and one is in the
center under the buttress., Threce master
isuiators, one under the buttress and
one at cach corner farthest from the
buttress have height sensing devices.
Lach master determines the air pressure
required at its location to maintain a
3-point level scismic mass. The remain-
ing isolators are divided into three
graups as slaves eacii pressure con-
trolled by its master isolator. By
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SECTION A-A

Figure 2 - Seismic Mass

presetting the required height, the iso-
lators maintain a given plane as the
external load varies. Several isolators
and the covered trench around the mass
are showa in Figure 3.

The isolation system is capable of
supporting 625,000 pounds (1lbs) with an
air pressure of 100 pounds per square
inch (psi). The resonant frequency of
each isolator is 1.4 llertz (l1z) and
magnification at resonance is less than
1.5, At S and 10 liz, the system trans-
mits to the foundation 35 and 7 percent

1991

Figure 3 - lsolation System

respectively of the applied dynamic
energy. Above 35 liz, the transmissibil-
ity is less than one percent. For oper-
ation below S ilz the isolation system

is generally turned off and the seismic
mass rests on its foundation.

An 8-in. by 14-in. channel (see
Fig. 2) for hydraulic lines runs just
below the center stecl plates from the
buttress to the far end of the mass. An
opening at the " ¢ress allows access to
the channel. Two pipes enter the
channel through two 3-in. diameter holes
under the buttress. These pipes carry
0il to and from the rams. Four connec-
tion points along each pipe are avail-
able to connect hoses which are attached
to the ram. For vertical operation of
an exciter several feet from the channel
opening, additional pipelines can be
installed or one of the center plates
may be removed for access to a connec-
tion point.

Three additional holes connect with
the channel. One 3-in. diameter hole
runs from the channel at a point near
the buttress toward the control room,
1t contains contro! and instrumentation
cables. A l-in. diameter hole runs from
the channel in the opposite direction
of the 3-in. hole and contains a small
hydraulic drain hose. A drain hole is
also provided at the end opposite the
buttress to prevent any accumulation of
liquids in the channel.

For large test specimens access to
the air-conditioned testing area is
through a 12-ft. by 10-ft, wide leaf-
type door (sec Fig. 1). If one enters
from the adjoining building which is at
a higher elevation, stecl stairs lead
down to the testing area or up to an
office and a heating, air-conditioning,
and air-compressor cquipment room.

Other rooms in the facility include
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an instrusentation rcom for preparing
iastrurents and gages and for storing
suppiies and tools. A soundproof room
contains the hydraulic power supply.
This room has a rzmovable ceiling to pro-
vide access with the crane for equipment
maintenance. 1t is not air-conditioned
but has an exhsust fan to circulate out-
side air. The control roox has a sepa-
rate air-conditioning system and is also
soundproof. To provide the maximun
cooling of the equipment, air enters at
the floor level under the cabinets and
circulates up and out through ceiling
vents. All operating controls are
located in this room. Instrumentation
anJ control lines enter the room through
a trench which connects to the trench
around the mass. Communication is pro-
vided between the control roox and the
testing area by an intercom system. The
test facility also contains an area in
which the USBR Soils kngineering Branch
conducts dynamic tests on soils.

TESTING EQUIPMENT

Two hydraulic rams (or exciters)
designed <o produce dynamic or static
forces were purchased from Bolt, Beranek,
and Newman, Inc. The rams are snown in
Figure 4 and their ratings are listed in
Tabie 1. The l-in. stroke ram, which
is rated at 50 kips, has a Team model
$V-200 servovalve to electrsnically con-
trol the flow of hydraulic oil. iiydro-
static bearings, located around the cir-
cumference at each end of the 5-1/2-in
Jdiameter piston, provide the capability
to carry side loads. A shear force up
to 5.2 kips or a 41 iuch-kip moment may
te safely transmitted to the ram. The
10-in. stroke ram, rated at 30 kips, has
a Moog model 72-103 servovalve but no
hydrostatic bearings. A clevis or other
device must be attached to the 3-in.
diameter piston to eliminate side loads.

For either exciter, a hydraulic

Figure 4 - llydraulic Exciters

power supply provides oil up to 70 gal-
lons oer minute (gpm) at a maximum of
3000 psi. The power supply with a
10-horsepower (hp) priming pump and a
125-hp main pump is shown in Figure 5.
A 200-gallon (gal) reservoir, water-
cooled heat exchanger, pressure regu-
lator, and accumulators are other
features of the power supply. Other
piping, two accumulators, and a pressure
regulator are bolted to a 1/2-in. steel
plate attached to the reinforced con-
crete block wall. Pipelines to the
seismic mass are located in a trench
under the reservoir and are connected

TABLE 1
Performance Characteristics of iiydraulic Rams

Ram Number

Vector Force - lbs
Stall Force - 1lbs
Stroke - in.

Maximum Velocity - ips

Maximum Frequency - iiz

1 10
18 30
400 100
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Figure 5 - Hydrsulic Power Supply

by flexible hoses to the pipes going
through the holes under the buttress.
Supply pipes are 1-1/2-in, diameter and
the return pipes are 2-in. diameter.
Both pipes are rigidly attached to the
floor to eliminate vibrations due to

{ressurc pulses and hose vibrations. To

eep the oil as clean as possible, it is
filtered by 30-micron filters after the
priming pump 2nd by 10-micron filters
after the main pump. Also, a magnetic
device is located ia the reservoir

to remove metallic particles from
suspension.

For supgorting test specimens, ten
hydrostatic bearing slip tables, Teus
models 18307-8 and 1830V-8, provide an
almost frictionless sliding surface.
Each table is capable of supporting 10
kips in tension or compression with a
spring stiffness of 8 x 106 pounds per
inch. All tables have a 1-1/8-in.
limiting displafement and cen carry a
1.75 foot-kip moment in the vertical
plane of movement. Three tables (model
1830V-8) are used primarily to limit
lateral displacement. They also can
resist a roll moment of 0.88 foot-kips.
The remaining tables (model 1830T-8) are
intended primarily to carry vertical
loads and can resist a roll moment of
1.66 foot-kips. They also limit lateral
movement to $0.05 in. Hydrostatic slip
tables with 10-in. strokes are planned
for use with the long-stroke ram.

A hydraulic power supply for the
slip tables provides oil at 0.6 gpm and
2500 psi to float the moving elements.

A suction pump returns the oil to a
10-gal reservoir., The power supply is
located in the trench behind the but-
tress end of the seismic mass. Pressure
and suction hoses extend halfway along

both sides of the msss and teminate at
the floor level with quick disconnect
connections. UDuring operstion, addi-
tional hoses lead from these connections
to manifolds. Other short hoses are
then connected to the slip tables. 0il
will not be returned to the reservoir
unless czre is taken to keep the return
lines below the overflow level of the
slip tables.

LONTROL EQUIPMENT

Most of the electronic equipment is
located in the air-conditioned control
room, Figures 6 and 7 show the desk
consol?, onc- and two-bay instrumenta-
tion cabinets, and other equipment on
the shelves.

For general sin. wave dynamic test-
ing two oscillator systems are available.
Both may be operated either individually
or simultaneously to drive two exciters
in a closed-1oop configuration to main-
tain a presct acceleration, velocity,
or displacement level. The oscillator

Figure 7 - Testing Equipment
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purchased 19it’ally was a Bruel and
Kjaer model 1039. It produces 2 sinus-
oidal signal from 5 to 5000 iiz or from
5095 to 10,000 Hz. Logarithmic sweep
rates at 132 different speeds range from
0.3 to 335 Jd=grees per min on a circular
2l0-degree scale. The regulation speed
of the compressor may be manually set at
10, 30, 100, 300, 1000, or 3000 db per
sec. Also the oscillator can automati-
cally select one of the above levels at
specific crossover frequencies. Cross-
over from control of displacement te
acceleration or of velocity to accelera-
tion may be made between 8 and 1000 Hz.
Great care is required in setting the
<rossover frequency to minimize the
Jerh-effect produced at the exciter.
Closed-loop control of acceleration from
an accelerometer signal can only be per-
formed above 10 liz.

An Unholtz Dickie model ATC-6 aver-. |
ager may be used in conjunction with the ~-.

above oscillator. 1t has the same regu-
lation speeds and can select either the
largest or a weighted average of up to
six accelerometer signals to control the
exciter. 1n the averaging mode, the
unit is phase insensitive.

When the vibration test system was
expanded, Spectral Dynamics oscillator
control units models SD104 and S$D1G5
were purchased. Sinusoidal, triangular,
or square wave forms may be generated in
five ranges from 0.005 to 50,000 Mz,
Either logarithmic or lirear sweep rates
may be selected. Continuously variable
rates are available from 0 to 720 degrees
per min for the logarithmic sweep and
0 to 1000 iz per sec for the linear
sweep. The regulation speed in the man-
ual mode is continuously variable from
10 to 3000 db per sec. In the automatic
mode, the regulation speed varies as a
function cf frequency irom a lower limit
of 10 db per sec to a manually set upper
limit of 300 to 4000 db per sec. Auto-
matic thump-free crosscover is poussible
from displacement to acceleration up to
200 llz or from velocity to acceleration
up to 10¢0 iz. The unit continuously
monitcrs both control values and the
crossover occurs when the acceleration
reaches a preset level., DC signals pro-
portional to frequency are available for
plotting on X-Y recorders. Llectronic
filters, which are described under
ANALYSIS METHODS, may be included in the
closed-loop to clean up noisy signals.
An unstable control condition may occur
if the regulation speed is set greater
than eight times the filter bandwidth or
if the filter 1s operated at a frequency
less than one half of its bandwidth.

Two randon noise generators may
erther individually drive the system or
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" ka3 not been used.

provide signals to a Ling mode! ESD-13
equalizer. The equalizer has 13 filters
with bandwidths from 10 to S50 Hz over
the fraquency range of 10 to 450 Kz,

The random noise signals may be shaped
by adjusting slide wire controls of the
various filters. A l4-channel FM mag-
netic tape recorder is available to -
vide a control signal. One channel is
wired so tnat while its output is driv-
ing the system the remaining channels
can be used to record data. Special
tapes have been obtained with four
recorded earthquakes at different time
scales, Both acceleration and displace-
ment records are available.

A curve follower, Data Trak model
FGE-5110, was purchased to generste
art’itrary shape signals but at this time
s The desired wave
‘form is drawn on special 8-in, wide
paper.’ The paper may be several feet
long for one test or only the circum-
serence of the drum for a repetitive
fatigue test, A set of gears can vary
the chart speed in 13 steps from 2-1/2
to 40 in, per min, The curve follower
hss a maximum following rate of 7 in.
per sec (ips) and has a full scale out-
put of 2.5 volts. The signal may either
drive the system or be recorded on the
tape recorder. If recorded, the time
scale may be altered by playing the tape
at adspeed different than the recording
speed,

Several protection devices are
included to automatically shut down the
system whenever certain functions are in
error, The main and priming pumps are
shut down if there is a loss of pressure,
loss of hydraulic fluid, or the pressure
of the slip table power supply drops
below 2250 psi. An electronic protec-
tion unit, Spectral Dynamics model SD123,
protects a test specimen from over or
under testing. It senses the RMS value
of an accelerometer signal. If the sig-
nal is greater than or less than < pre-
determined value, the driving signal is
automaticallv and smoothly attenuated by
80 db. The preset over or under amount
can vary in nine fixed steps from 1.0 to
6.0 db from the preset RMS acceleration
value.

INSTRUMENTATION

A wide variety of instruments is
available to measure the response of
test specimens. Presently accelerations
can be measured with any of the follow-
ing USBR accelerometers: (1) Nine
Columbia model 302-6, (2) Six Bruel and
Kjaer type 4332, (3) Two Endevco model
2260-250-10 and (4) One Kistler model
808K. The Columbia and Bruel and Kjaer
accelerometers are used for general
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testing. The Endevco accelerometers are
a strain-gage type sad have presently
not been used. The Kistler accelerom-
eter is used as a calibration standard
and has the capability to be directly
nounted to another accelerometer. Ampli-
fiers for the accelerometers consist of
six Unholtz Dickie model 9P-1 voltage
amplifiers and six Columbia model 9000
charge amplifiers. Two portable ampli-
fiers, Coluxbia model 9001 and Kistler
aodel 504A, are avzilable. Accelerom-
eters are normally attached to the test
specimens with Endevco model 29838 insu-
lated mounting studs, magnets, or a
high quality cement.

Dynamic displacements are measured
by a group of linear variable differen-
tial transformers (LVDT) and calibration
and static movements are measured with
either an LVDT or dial gage. LVDT's
with a range from 0.1 to 1.0 in. are
immediately available ald units with
longer stroke capabilities are obtain-
able. Relative rotation of two points
(up to ¢20 degrees) may be measured with
three Clevite Brush mode¢l 3306 trans-
ducers. A universal 50-kip load cell
can be installed betwesn the exciter and
test specimen. Its output, which is
proportional to load, may be used in a
closed-loop to control the exciter.
Other transducers are capable of measur-
ing load, pressure, and strain.

For accelerometer calibration two
methods are available. For a complete
calibraticn over the usable frequency
range, an electrodynamic exciter, MB
Eiectronics model PM50, driven by a
model 2250-MB power amplifier is avail-
able. This exciter has a force rating
of 50 1lbs and may also be used to test
small specimens or for demonstrations.
Values of peak-g versus frequency are
plotted on X-Y or X-Y-Y recorders. For
a quick calibration check, a General
Radio model 1557-A calibrator, which
operates at only 100 Hz and up to 2-g's
is used. Output from the accelerometer
and amplifier under calibration is dis-
played on a Ballentine model 321 true
RMS voltmeter in a peak mode to provide
a calibration of X volts-peak per g-peak.
All accelerometers are g.ven a complecte
calibration every year or whenever indi-
cated necessary. bBefore testing a new
specinen, accelerometers to be used are
given a quick calibration check.

ANALYSIS METHODS

Most of the data are presently ana-
lyzed electronically; however, in the
future more complicated methuds involv-
ing the digital computer will be
required. The accelerometer and other
data are generally recorded on the

l4-channel FM tape recorder. Depeading
upon the duration and frequency of the
data to be recorded, tape speeds ars
selected as either 60, 30, 13, 7-1/2,
3-3/4, or 1-7/8 ips. A voice chamnel
can be used to record pertinent imfor-
mation for eaie in ideatifying data om
the tape. Several strip chart recorders
and a direct writing oscillograph, both
utilizing zalvanometers, are available
for recording high frequency sigrals.

During sinusoidal testing, results
of one or two accelerometers are gener-
ally displayed on X-Y recorders as a
peak-g vorsus frequency curve. This
curve is obtained by electronically fil-
tering the acceleration signal with
Spectral Dynamics mcdel SD1012 and SD28
filtering equipment. Filter bandwidths
of 1-1/2, 10, and 100 Mz can te used
with the above two-channel systex. The
filters operate as pesk filters with a
center frequency corresponding to the
systeas operating frequency. Data
recorded on the tape recorder can later
be analyzed in the same manner.

Electronic integrators are capable
of integrating an acceleration sinus-
oidal signal to obtain the velocity and
displacement. Instantaneous peak values
of each quantity are displayed on separ-
ate meters and the velocity and displace-
ment wave forms are also available.. Six
additional meters display peak accelera-
tion values from preselected accelerom-
eters.

Some analog to digital (A-D) capa-
bility presently exists. DC voltage
readings of 160 per minute for a four-
channel continuous scan o 95 per minute
for a single channel scan can be
obtained and punched on paper tape.

The information on the paper tape can
then be transferred to a magnetic tape
for use on a computer. A high-speed A-D
system is being considered to directly
generate a digital magnetic tape.

Additional electronic equipment for
data analysis and general usage is
located in the control room. TIwo loga-
rithmic converters are available and
used when there is a large range of
values and more accuracy of lower values
is required. A phase meter is available
for determining the phase angle between
two signals. Also resonant frequencies
may be found by observing when the phase
angle between the driving and responsc
signal is 90 degrees. Additional cquip-
ment ceasists of osciiloscopes, a digi-
tal multineter, and a frequency .ounter.

TESTING TECHNTQUES

The vibration test system is
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Figure 8 - lests of Beam-Column Connection

presently being used to conduct dynamic
tests of reinforced concrete beam-column
connections. The project is designed to
evaluate the amount of hoop reinforcing
steel required in the joint region under
dynamic loads. The testing arrangement
for the specimen in relation to the
exciter and othcr equipment is shown in
Figure 8, A test fixture (the steel
tubes and plates around the concrete
specimen) was constructed instcad of a
large one piece <+a2king table. Shaking
tables are being used and constructed in
several other vibration facilities. 1t
is difficult to design a shaking table
which would Le versatile ecnough for all
projects. Therefore, the USBR con-
structs a special fixture for each test-
ing program to keep total weight to a
minimum. This procedure allows larger
specimens to be tested and higher accel-
eration levels to be attained.

The present test fixturc may be
considered a form of shaking table since
it moves on top of eight slip tables.

At the ends of the specimen, the center
slip table restricts lateral movcment.

A 2-in. high-strength stecl rod tapered
down at one point to l-in. diameter
serves as a fuse or noment limiting
element at the exciter (sce -ig. 4).

The slip tables carry the shear load and
the fuse is designed to fail at the
limiting moment capacity of the cxciter.

The horizontal portion of the con-
crete specimen represents a column while
the remainder represents - beam of a
reinforced concrete frame building. To
simulate dead load and support condi-
tions of the prototype structure, an
axial load is applied to the column by
a hydraulic ram and four high-strength
rods. Cach end of the column is simply
supported on three sets of steel balls
and the center is simply supported on
two slip tables.

Tests on each specimen begin with a
static load applied at the beam end to
determine a stiffness value {rom meas-
ured loads and displacements. Linear
sweep tests simulating steady-state
sinusoidal input are then conducted to
determine the natural frequency and
damping value. The natural frequency
of the test specimen is varied by apply-
ing different anounts of mass to the
free end of the beam. Normally, several
linear sweep tests are conducted for
ecach mass condition wnile the mass is
variced in six steps from 0 to 1100 1bs,
The mass consists of a series of steel
plates holtcd together to attain a maxi-
mum height of 18-in. The uncracked
natural frequency is reduced from about
44 |lz with zero mass to about 22 Hz with
the 1109 1lb mass. During this series of
tests, care is taken to maintain the
excitation intensity below the value
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required to produce cracks.

Ar earthquake such as E1 Centro XS
(1940) is thun selected with 2 time
scale such that the natural frequency of
the specimer is within the predominant
frequencies of the sarthquake spectrum,
The tape recorded earthquake is then
used to excite the specimen at a level
to produce some cracking. The static
and dynamic sweep tests are then
repeated to determine the amount of
damage that has occurred. Next, the
earthquake is programed at a greater
magnitude to produce a high level of
damage or possibly failure of the speci-
men. Static and dynamic sweep tosts are
again performed to determine the addi-
tional dawmage. If failure has no. -
occurred, sinusoidal tests of a given
duration, magnitude, and frequency range
are conducted. These tests are designed
to provide excitation that is always
near the resonant frequency of the speci-
men. To accomplish this, the frequency
of the exciting force is slowly swept
downward from the last mcasured resonant
frequency to a predetermined value.

This change in frequency is included to

simulate the reduction in resonant fre-

quency that results as additional cracks
are developed in the concrete.

In the past tests after major crack-
ing has occurred, the natural frequency
with the maximum mass has reduced to
about 10 Hz. Measured damping valucs
have varied from a very small amount up
to about 4 percent of critical with
major cracks in the concrete.

Sweep test data are analyzed by
plotting and digitizing the peak-g
versus frequency curve. Digital com-
puter programs are used to obtain damp-
ing values from the digitized curve and
to obtain natural fregquencies of an ana-
lytical model. In the future earthquake
input will be digitized and used to ana-
lytically predict the single degree of
freedom response of the specimen for
comparison with the measured response.
All of the results are used to determine
how specimens, with various amounts of
hoop reinforcing stecl, withstand identi-
cal dynamic loads.

Presently the capability to which the

test system can duplicate an carthquake

type input has not been fully studied.
Visually it appears that the recordad
acceicration wave form for the E1 {entro
earthguake conpressed by a factor of §
agrees quite well with the acceleration
input. The records have not been digi-
tized for input to a computer for compu-
tation of the simulated carthquake
spectrunm,

CORCALUSICNS

The USBR vibration test system
after several years of development anc
progress, is now opcrational in a new
test facility. It is capable of testing
a wide variety of specimens from very
small to quite large masses. The upfer
specimen size limit is restricted only
by available space or the exciter rating.
There are some functions that cannot be
performed but most zre possible with the
addition of equiprent presently being
manufactured. The greatest deficiency
of our equipment is the difficulty
encountered at frequcencies less than
S Hlz in some instances and 10 ilz for
other picces of equipment. The high
frequency range capability of the con-
trol equipment is generally not used in
our structural testing.

:The vibration test system was assem-
bled essentially from components pres-
ently used by the acrospace industry.
The system is capable of performing most
civil engineering tests where the
dynamic responsc of structural elements
or wodels arc to be studied. Future
projects may include the hydrodynamic
effects on submerged structures, struc-
ture-foundation interaction, or the
effects of nonstructural elements in
frame structures.

1/ R. . McCaff{erty, "Transmission
Table Wear Rate Due to Preformed
Spacers under Dynamic Load," U.S.
Dureau of Reclamation, Report

No. C-1230 (April 1967).

2/ G. L. Butler, "Static and Dynamic
Toad Test of Target System, External
Tow Gunnery A/A37U-15," U.S. Bureau
of Reclamation, Report No. C-1244
(July 1967).

DISCUSSION

Mr, Isada (University of Buffalo): In how many
directions or how many degrees of {reedom can you
test this specimen?

Mr, McCafferty: We are presently limited to
one degree of freedom or one direction, We nor-

mally use slip tables that are limited to one diree-
tion, Wc have two shakers and ali of the control
cquipment necessary to operate them simbltmwousl_\',
but we do not pian to do this in the near future, It

is possible to excite in two directions, but there

are many other problems involved,
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MULTI-DEGREE OF FREEDOM MOTION SIMULATOR
= SYSTEMS FOR TRANSPORTATION ENVIRONMENTS

T. K. DeClue, R. A, Asore and C. E, Deckard
Viyle Laborotories
Hurtsville, Alaboma

This poper presents a discussion on mylti-degree of frezdom motion simulation systems
used to simulate greund transporfation and aircraft environments. The poper describes
the apprroch used ot Wyle Laborafories to design vibratron test environmeants from
which mecningful test results con be cbtained. A description of four types of systems,
twa presently in operation and two under study, is presentad,

INTRODUCTION

Tests of items of equipment are conducted i.- the
laboratory for one, or more, of several reasons:
Control of conditions
Control of test scheduling
Simplification of analysis
Repeatability
Economy
Sofety

The value of the laberatory test is directly related to
the fidelity with which the service environment can be
reproduced during test; if the reproduction is faithful,
then the test item responses are duplications of those
experienced in service and test results can be directly
equoted to actua! performance.

If, however, the laboratory environment diifers
from that found in service, the test results are only
indications of what might happen.

This paper describes the approach used at Wyle
Laboratories to design vibration test environments from
which meaningful test results con be obtained. The
design is an iterative process ond, like mest engineer~
ing efforts, frequently requires re-evaluation and com=
promise, The philosophy of design is as important as
the actual design, and will be explained first.

DESIGN PHILOSOPHY

The Wyle Leboratories approach to the design of
o dynamic test starts with an evaluation of the imper-
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tant aspects of the service environment; i.e., the ori-
gins, transmission paths and coupling modes of the
forces acting on the specimen during service,

The goal is to reproduce the service environment
in all importont respects. When it is not postible to
reproduce certain aspects of the environment, for ex-
ample, the long~term inertial forces actitg on major
components of an item, the effects of thar pzet of the
environment are simulated by some ucceptable method.
‘When portions of the environment are simulated, the
mechanism of simulation may introduce ortifocts, or
deviations from precise reaiism of the test item response.
The importance of any test artifact must be considered
both during the test design and test dota evaluation to
weigh the validity of the test results,

The object is to assess the magnitudes and frequency
spectre of the forces and couple them to the specimen
through impedances similar to those of the support used
in service. If possible, the actual suppor- hardware
will be used in crder to provide a duplication of the
service boundory conditions. The more complex the
test item ond its support hardware are, the greater is
the need for accurate boundary reproduction and the
more difficu’t it is to provide simulation ¢f the bound-
ary through manipulstion of the inputs.

The first step in the design of -he tes- is, then, to
determine how large o section of the enti-e system, of
which the specimen is a part, con be accommodc‘sd
within the laboiatory space and exciter force limits
and subjected to the boundary dynamic environment.

The second step is to determine how many degrees
of freedom of motion are to be ollowed and excited in
the specimen, Again, we go back tc the evaluation of
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the zervize environment for owr answers. We should,
of course, Alow and excite motion in all degreas of
7.sedom onailable to the specimen in service, Becouse
of equipme st and mechariical limitations, it is often
not pomsible to achievs this gocl and compromises musi
h m. h

As each campromise is identified, the effects of
the compromise Lpon the test realivm must be evaluated
as well os the possibili.y of achieving the some result
by soms other means. 1f we connot accumtely deter-
mine that the lack of realism will not reduce i valuve
of the test, we must reproduce the effects and accept
the ortifacts.

Several designs are discissed in the balance of
this poper; although quite different in size and con-
struction, they are alike in that they ollow for a higé.
degree of reproduction of the dynamic service enviran~-
ment and introduce very few artifncts, Fidelity of
reproduction is maintained by accommodating the en-
tire test item, be it a five pound radia or a fifty ton
tank, and providing realistic inputs in several degraes
of freedom.

Where, through analysis or instrumentation of the
actual environment, it was found that motion does not
occur in or about one, or more, of the axes, thoie
degrees of freedom are restrcined, Typlcal of this is
the yow axis restraint imposed on the railcar simulator
and roll, pitch and yaw restraint in the heliccpter
simulator,

The restraints imposed at the fore and aft motion
of the test items in the designs of the tank road test
simulator and the wheel /rail dynamics simulator do not,
as they might first appear, impose restrictions on the
dynamic environment. They are, in fact, necessary
to maintain fidelity by providing o reference point for _
the inertial image and, thereby, assure that the dynam-
ic forces and reactions are properly transferred across
the profile/vehicle interface. '

in all cases, the approximate gross mechanical
properties of the external environment to which the
test item is exposed in service are maintained in the
simulator restraints and force coupling arrangements,
This has been done either by se!ection of mechanical
components with the proper :o1ing/mass characteristics,
or by electronically modifying iz input signols to the
simuiator, or by both methods simultaneously.

FIVE DEGREES OF FREEDOM RAILCAR SIMULATOR
Intraduction
A five degrees of freedom railcar simulatcr has

been constructed and placed in operation at Wyle
Labaratories, Huntsville. This simulator will accept
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entire vehicles and structhures such & equipment
shelters and treneportotion contoiners. The first
iest progrom wusing this system entolled simuletion
of the railcor shipping dynamics on utomobiles
to develop solutions to railcor shipping damage
problems.

Railrood Automotive Transporter Environment

Two railrood auta transport cars consisting of one
“low tri-pak" and one "stondard tri-pok® were instru-
mented to determine vibration choracteristics cover the
railroad bed between the Midwest, and Los Angeles,
Colifornia. The primary purpose of the trip was to
cbtain data of the vibration induced into the automobile
at the tires, in each of three muivally perpendicular
axes during frorcporiation. Accelerometers were attached
on the platform at twa automobile positions on each of
the two railroad cars and inferconnecting cables installed
to the instrumen?ation system located in the caboase.

Figure 1 shows the installation. Vertical acceleration

measurements were made at each of the four automobile
tire locations, and longitudinal ond lateral accelerction
measurements made at the center of the automobile.

The accelerometer data were recarded on mognetic tape
during the forty-eight hour trip.

Upon return of the test tapes to the Wyle/Huntsville
Facility, the tapes were played back on an ascillagraph
and the traces examined for significant omplitude indi-
cations, Several of the high amplitude areas were then
selected for computer onalysis. Figure 2 presents a
typical PSD plot,

Based upon the data analysis, a set of accelerom=
eter outputs (six channels) were selected to be re-
recorded on a second tape which was used as the test
control tape. The control tape wos produced by select-
ing portions {(approximately one and one<half hours
totul) of the trip and recording them three times on one
reel, The four and one<half hour test control tape could
then be played into the simulator six times which was
equivalent to a 27-hour trip covering 1700 miles.

Simulator Design and Fabrication

The railcar simulator consists of the following:

' A platform conttructed from a section of a
tri-pak railcar using minimum stiffening and
restraint so that the test platform would ex~
hibit similar high frequency local responses
to those of the actual railcar platform,

° Six hydroulic actuators with associated servo
valves, displacement feedback transducers,
hydraulic pawer supply, and control elec-
tronics. Four actuators were positioned in
the vertical axis and two actuators were
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Figure 1. Typical inyallatian of two railcars

horizontally orisnted to impart motion through
the c.g. of the platform in the lateral and
longitudinal directions. Figures 3 ond 4 show
the simulator setup.

e Fixturing, air springs, spherical bearings,
and a parallel cable assembly.

» Automobile tie=down devices to establish the
proper relaticnship of the chain tie-down
from the vehicle underbody to the tie~down
track on the railcar deck,

The vertical and longitudinal actuator displace-
ment capacity required was 4.0 inches and the lateral
actuator displacement capacity 8.0 inches, The actu-
ator force requirements were 13,600 pounds for the
lateral and longitudinal actuators and 27,400 pounds
for the vertical actuators. Frequency response was
0.5 to 25 Hz, The structural beams used to react the
actuator loads were pre=losded into existing reaction
masses and designed to be resonance free in the 0.5 to
25 Hz frequency range.

Spherical bea:ings were located at each end of
each actuator to provide unrestrained dyncmic inputs.
A parallel cable assembly (concept similar to that used
on drafting boards) was installed to provide straight
line lateral and longitudinal movement. This prevented
yawing of the simulator during test. An air spring
system was used to support the static load. Each air
spring was connected to a reservoir for the purpose of
lowering the air spring system resonance to less than

0.5 Hz,

Thus, the system was capable of providing motion
in the three orthogonal directions as well as pitch and
roll rotational directions.

121

'E“- i
é' ,’f~\_f’
g '
+ ’ !
' ¥
g iy
B E Lo ‘
1=
A =
5 F
£, L
=0t ‘E-..
c
r
-
-
%! 1l sl [T i
A o s
1 [ P

Ascwleznmatsr @1, Setusation €2, Tepe 1 SleY leet,
Teasn Spana 44 WPH

Paaws 29,8 5u5. CEYe 1351 Saswnese -G.04 Rurtneiac ¢.)%

Sugnal AR5, 868 Seas,v.vieys ¥W0.C

12 Dogregs ¢ Preedos. Suster 2f Frequency Bewie: 2.

Analdytin Banduwidtt I 1o 2% wr 1 HS Filter B.w., sle 1C 30D Sy
2 42 Pileer Bw,

Figure 2. Typical PSD plot of accel-
eration data (lateral neasurement)

Test tion

Motion control was occomplished by reproduction
of the dynamic displacements of the railcar. The re-
cordings of the accelerometer signals obtained during
rail transport on magnetic tape were played back to the
system through double integration electronics, thereby
transferming the acceleration signels to displacement
sigrcls. The signals were then sent through closed loop
servo control electronics ic the tix actuators which pro=-
vided lateral and longitudinal motion plus vertical
motion at the four corners of the test platform. The
actue . i responded to the displacement signals, repro-
ducir-: the motior at the actuator input points corre=
sponding to the data transducer locations on the railcar
platform. Thus, the actual railcar displacements, as
recorded from the field data, were duplicated in real
time on the motion simulator and the equivalent of a
Midwest to West Coast railway shipment was simulated
within a period of approximately 27 hours.

THREE DEGREES OF FREEDOM VIBRATION TEST
SYSTEM

Introduction

A three axis vibration test system has been devel-
oped and placed in operation by Wyle to simulate
helicopter flight environments, The system originated
from a requirement vy tha United States Army Aviation
Test Board, Fort Rucker, 4labama to create a vibration
environment in the laboratary that is representotive of
the vibration environment encountered by the AN, ARC
115 radio set when installed in on OH-58 helicopter.

Flight Data Acquisition

The OH-58 helicopter radio set (AN, ARC 115)
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Figure 3. Railcar simulater (top view)

was instrumented with seven piezoelectric accelerom-
eters and two thermocouples to monitor the in=flight
vibration and temperature environment. Four accel-
erometers were attached to the instrument panel adja-
cent to the radio to monitor the vibration input to the
radio. Three accelerometers were attached to the
rear of the radio case to monitor actuel radio response,
The sensitive axes of the accelerometers were crienied
parallel to the longitudinal, lateral and vertico! uxes
of the radio face plate, Figure 5 shows the accelerom-
eter locations and orientations. One thermocouple
was located cpproximately or.e inch behind the radio
case to measure free air cabin femperature. One
thermocouple was attached to the rear of the radio
case to measure operating temperature,

A 14-channei tape recorder was used on board
the aircraft to record all accelerometer ocutput data.
During ‘he flight tests, one channel was reserved for
voice commentary concerning general test conditions
and event time. A 1kHz reference signal was re=-
corded on a second channel to provide a real time
base for data analysis and a check on recorder tape
speed,

A | kHz acoustic calibrator was used to produce
a coristant amplitude audible tone for periodic tranz-
mitter modularion checks during flight testing.

Two complere flight profiles were performed at
Fort Rucker, Alabama. The following profiles were
representative of actual conditions which were being
encountered during flight testing on the OH-58 heli-
copter at Fort Rucker.

Flight Profile No. 1

- One=minute hover (3 feet)
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Figure 4. Railcar simulator (bottom view)

- Seven-minute flight at maximum velocity
attainable, not to exceed VNE (velocity
never exceed) at 1500 ft. MSL (mean sec.
level)

= Simulated diving firing with 60 degree bank,
180 degree side entry and right puli up

- Twenty-minute loitering at 60-70 knots

= Diving firing with 60 degree bank, 180 degree
side entry and right pu!l up

= Twenty-minute loitering at 60-70 knots

- Simulated diving firing with 60 degree bank,
180 degree side =niry a:.d right pull up

= Twenty-minute loitering at 6070 knots

= Diving firing with 60 degree bonk, 180 degree
side entry and right pull up

= Twenty-minute loitering at 60-70 knots

= Simulated diving firing with 60 degree bank,
180 degree side entry and right pull up

- Twenty=-minute loitering at £0-70 knots

= Diving firing with 60 degree bank, 180 degree
side entry and right pull out

- Seven=-minute flight at maximum velocity
attainable not to exceed VNE at 1500 ft.
MsL

= One-minute hover (3 feet)

Flight Profile No. 2

This mission was conducted in the same manner as
Fiight Profile No. 1 with the foliowing exceptions:
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Figure 5. Accelerometer locations during
flight test

a. The simulated diving firing and diving fir-
ing order was reversed,

b. All diving puli-ups were to the left.

Vibration data were continuously recorded on
tape during take-offs, dash to VNE, each phase of the
flight profiles and landings. Cabin temperature, radio
set case temperature, and transmitter carrier output
ond modulation were periodically measured and recorded
throughout each flight test, At the conclusion of each
flight test, the taped records ware played back through
the on=board tape recorder and visually displayed on an
oscillograph. This allowed examination of the record-
ings to assure the acquisition of proper data and pro-
vided o means of determining the need for repeating o
test or comrecting any anomalies prior to further testing.

The vibration data obtained during the actual
flight test were reduced to X-Y plots, oscillograph
records, and computer analyzed power spectral density
(PSD) plots. These data were analyzed and reviewed
with Fort Rucker personnel. Figure 6 shows typical
PSD plots of accelerometer data.

The data channels with the highest level of vibra-
tion in each of the three mutually perpendicular axes,
and with tF . o st representation of the flight vibration
environmen: were isolated anc selected to provide the
vibration input to the vibration fixture during the lob-
oratory simulated flight test. A master tape recording
was prepared by duplicating these specific portions of
the fiight test tapes in order to provide a two=-hour
profile of the helicopter during flight.

Laboratory Simulation of Flight Vibration Environment

The radio sets were mounted by their normal

Figure 6, Ty~ical PSD plots (AN/ARC 115)

means to o three uxes vibration test system as shown in
Figures 7 and B, The three axes vibration test system
consists of three electrodynamic exciters and a squars
aluminum mounting piate that provides an attachment for
the test specimen as well as input points for the three
orthogonal vibration test axes, Simultaneous excitation
and stability are realized by the fact that although ma~
tions are unrestrained in the theee orthogonal axes, they
are restrained in the three roll axes. This is accomplished
by using specially designed drive adaptors thot ore axial -
ly stiff and laterally soft.

During testing, the master tape recording contain-
ing the profile was played into a control system, and
each of the three axes signals routed to ifs respective ex-~
citer system, Figure 9 shows the control system. The
taped signals were amplified and passed through filter
networks which compensated for fixture and exciter
resonances. A master control unit was incorporated to
provide start up and shut down of the entire system,

Three control accelerometers were located on the
vibration fixture (one for each exciter). The output
signals from the acceleromaters were monitored during
testing to insure proper vibration levels and observe any
anomalies. Periodically during the test, the output sig-
nals from the control accelerometers and the tape input
signals to the three axes system were recorded and ana-
lyzed on a digital computer, The data generated from
the simulator tests compared favorably with the data
generated during the flight test, The electrical opera~
tion of the radio test sets was checked at the start and
end of each profile. This functional test consisted of
the following measurements:

e Transwitter carrier output

e Transmitter carrier modulation
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Figure 7. Helicopter simulator test
setup (cverall view)

e Input voltage
o Case temperature

e Ambient temperature

The vperational characteristics of the on-board
helicopter radio equipment were determined for a dura-~
tion of 1500 hours of testing.

FIFTY TON TRACKED AND WHEELED VEHICLE ROAD
SIMULATOR

Introduction

Wyle Laboratories was awarded a contract by the
Army Tank Automotive Command to determine the feas~
ibility for the design and construction of a road simula-
ter for testing large size vehicies up to and including
the M=60 tank. Initially, the effort involved the in-
vestigation of two sysrem concepts that seemed most
practical for accomplishing the requirement, The in=~
vestigation then developed to the noint where one
system was selected for the final, more detailed feasi-
tility study. Though the p:imary task was ¢~ determine
the optimum system that would deliver the maximum
operational parameters, the system itsalf would be an
integral part of ¢ large testing laboratory. Consequent~
ly, such things as system laywut, heating, cooling,
exhausting techniques, accessibility and noise levels
were factors of considerable importonce .

Operational Parameters

The operational goals of the system were es:ab-
lished by the Army Tank Autormotive Command and
were considered as design criteria for the feasibilit,
study. These porameters are as follows:
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Figure 8, Helicopter simulator test
setup (close=up view)

e Vehicle weight 50 tons
e  Maximum vehicle velocity 50 mph

e Maximum point loading
at any one vehicie road

wheel 80,000 ibs,
e  Maximum bump height 12 in.
e  Minimum bump spacing

to bump height ratio 1.5t0 1.0

e  Moaximum vertical velocity

of bump profile 270 in. persec,

0 to 20 mph
in 10 sec.

® Maximum vehicle
acceleration rate

& Maximum incline 30 per cen* grade
Simulation of vertical and tangential loads into the
vehicle road wheels were required. Each side of the
simulator was to be independently controlled for bump
profile. No special requirements were set for simulation -
of vehicle braking. The vehicle was to be remotely con-
trolled while urder test.

Concept Description

The two basic systems initially investigated with
regard to fulfilling the operational requirements were:

e Electrohydraulic System

This system, shown in Figure 10, utilizes
twelve electrohydraulic exciters for system
excitation, These exciteis generate extremely
high forces and operate satisfactorily over the
range of frequencies required for road test
simulation, System performance is a function
of the pressure and flow capacities of the
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Figure 9. Helicopter simulator control system

pumping sysiem as well as the area and stroke
of the vibratior. exciters, Complex electronic
servo~gysters are utilized to progrem and con-
tral the operation of the exciters.

The maximum operating conditions set
iorth in the design requirements cull for an
average hydraulic flow rate of 557 gpm per
exciter, These exciters would be sequentially
programmed to provide some repeating type
input to the vehicle. Each exciter extension
would terminate in a ycke which holds a motor
dyramometer. The torque of these devices
w-uld be controlled to present a simulation of
the gross terrain profile ta the vehicle.

This system would display a requirement
for maximum power when simulating maximum
bump and climbing conditions. Calculations
show this maximum power requirement ta be
9,084 hp. Asuming eighty per cent efficiency
of the hydraulic pump driving motors and mator
dynomometers, the tatal primary electric pow=
er would be 8,500 kva,

Mechonical System

The second concept involved using a
mechanical system employing two "andless
belts" similar in function ta a iarge tank tread.
Road surface profiles could be programmed on
these belts, which would then be driven under
the wheels of stationary vehicles,

The most practical concept for this ap-
proach involves providing a series of linked
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Figure 10. Road simulator hydraulic system

concept

carriages beneath the vehicle, with each con-
taining steo! plates that could be actuated
vertically to simulate a bump input. This con-
cept is shown in Figure 11,

Extension of the plates would be accom-
plished with a long stroke hydrashaker for each
track. Road profile wavelengris could then
be programmed in increments of multiples of
the thickness of the steel plates, Each piate
would be extended an améunt determined by
the basic program above the link surface,
located in place and driven under the wheels
of the vehicle. Before returnirg ta the program
position again, the plates would be unlocked
and returned ?a their bottom position.

The system would exhibit a requirement
for maximum power when simulating vehicle
acceleration and bump conditions simultan=
eously. The powar required by the drive mo-
tors ta simulate the maximum specified accel-
eration is estimated to be 800 horsepower.
Calculations show that should meximum bump
simulation be required during vehicle accel-
eration, the tatal power requirement would be
3,028 hp. Again, assuming eighty per cent
pump ana motor etficiency, the total primery
electrical power requirement would be 7,830
kva.

The mechanical system was selected for
the total feasibility study based upon a com-
parison between the two concepts and because
of its versatility and lesser power demands.
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Figure 11, Road simulotor mechanical system
concept

Mechonical System Description

The tolal system concept is more readily understood
by seporating the basic configuration into its maar com=
ponents. Figure 12 gives a pictorial view of the system,
A description of the basic system components follows:

e  Mechanical Configuration

The mechanical configuration includes
oll members, linkages, baarings and mecha=
nisms that ore employeJ to prasent a varicble
bump to the tank tracks, The conceived sys-
tem provides two separate treadmills, one for
sach side of the vehicle. Ecch treadmil’ con-
sists of a series of carfs supported on bearing
rollers, The carts are linked together and
‘form a brake choin which iz pulled under the
vehizle by lorge sprockets. The carts are
pulled along the underside of the asembly, up
over the opposite end sprocket and then repect

the sequence.

Each cart contoins profile simulating
plates cf a given thickness and length. Immed-
iately prior to passing beneath the vehicle
track, each plate may be programmed to some
desired height and lncked into place with a
rack assembly, When utilizing o variahle
type program, the piates ore unlocked and
deprogrommed immedictely prior to encounter~
ing the progrommer. Thus, the programming
sequence is:

. Release the Ploce Locks
« Deprogram the Plotes
« Program the Plotes
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Figura 12, Pictorial view of road simulator

. Apply the Plate Locks

Systens flaxibility also provides the capability
for programming the plates for ene revolution
ond allowing them to rekain this configuration
while the vehicle and simulator velocities are
varied.

o Hydraulic System

Programming of the bump plotes is accom~-
plished by the 1e of two, six inch stvoke,
33,000 force-pound hydraulic exciters. Hav-
ing determined the operational requirement of
135 inches per secend peck velocity, sach of
the two hydrashokers employed weuld require
440 gpm pedk flow or 200 gpm average flow
at 3,000 psi. The system comprises ¢ closed
loop piping configuration that starts ond termi-
nates in a low pressure oil reservolr,

e Drive Motors

The power requirement for each drive mo=
tor is established as being approximately 400
horsepower. Further, the drive motors should
display the following characteristics:

1. Constant torque from 0 to 40 per cent
of maximum speed. Maximum torque
developed at 40 per cent speed equal
fo 400 hp.

Speed and torqua control at afl speeds.

. Motors must possess the ability to
drive as well as absorb energy on a
re-generative basis during that por=
tion of test when the tank Is simulating
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The 400 horsepowes requirement rented,
imartly, from dw +ehicle acceleration re~
quiramant. When considering the 130 per
cont, ene minvte cverlond capability of the
proposed DC motars, 11 becomes feasible to
employ @ 300 hp rated drive motor for sach
side of the system,

Contrel Systen

The total contvol system is comprised of
the three basic suteysters shown in Figure 13,

1. Vehicle engine control
2. Terrcin and system velocity control
3. Profile simulation control

Reaction Mas

The required reaction mass plaiforn dimen-
sions have buen defined as 25 feet by 50 feet.
The design is predicoted on o 5 g acceleration
ot the c.g. of the 50~jon vehicle fo be tested,
Also, operational critecia anticipate o peck
force of 1,000,000 pounds of shart duration.

Reinforced concrete with reinforcing
siructval steel running horizontally, vertically
ard diagonally, should be used. Prefercbly
the entire concrete mas should be poured at
one given time to ersure a hamogenecus and
continuous block with no artificial disjunciion
due to . The concrete
-saction mass should be sondwiched vertically
sstween two steel plates, thus realizing the
‘ol lowing advantoges:

1. The top plate gives a solid anchor-
age for the system frame .

2, The sandwich corstruction of the
reaction mass design insures a better
use of the marerial as a lumped mas
system, and therefors, gives a higher
mechanical impedance value in the
frequency range where mass controls.

3. The bolts and plates will give some
degree of concrete pre-siressing,
which allows the material to possess
higher values of Young's modules,
£, and modulus of rigidity, G. Both
E and G play important roles in wave
propagation in the concrete material .

4. Provision of loca! moass should wave
phenomena occur inside concrete
reaction mass,
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Figure 13, Rood simulotor control system

5. Further prevention of concrete fail-
ure in fension.

Data Acquisition

One of the cutstanding advantages of per~
forming road tests under simulated conditions
in the iabovatary is the ability to accurately
defins ond evaluate vehicle response charac-
tecistics. This con only be totally accomplished
by establishing the measurement parameters
that are required to adequately defins these
desired resporives. Available vehicle test liter~
ature have indicated these parameters to be:

1. Acceleration and stress of critical
chassis and suspension members.

2, Dynamic wheel loods,

3. Vehicle velocity and acceleration.

4, Engine torque and rpm.

The choice of basic type of data system
(enalog or digital) rests upon the total number
of channals contemplated, the desire for real-

time acquisition, svstem flexibility and expan-
sion.

WHEEL/RAIL DYNAMICS TEST FACILITY

introduction

Within the last several years, the American public
has became aware of the basic problems that have begun
to plague our conventional transporfation systems. Both
avto and air troffic problems have increased to the point
where our Government has deemed it necessary to legis~
late certain actions that would alleviate these conditions.




Figue 14, Pictarial view of wheel/rcil
tast facility -

Concurrently, porallel solutions have been sought.
Thkwe:chluldtoﬂnc«ﬂdammmdw
mdhﬁawmhqﬂm-owcm
tion medium, and indusiry has bean given the mandate
mgdﬁhﬁwmlmwlﬁwmww
to

Ta meet this goal demands that giant technological
sirides be faken in g short period of fime. As is frue in

any technology, these sivides can only be accomplished
by Mghly rained pcmnnl ond the proper equipment.

m, imporiance is the controlled
investigation of M/rnll dynamic phenomena. In
May of this yeor, Wyle Laberatories/Huntsville was
awarded a contract by the Federal Railroad Adminis-
tration for the design, fabrication, installation and
operation of a wheel/rail dynomics test facility. Though
this facllity Is to initially concern itself with the in~
vestigation of high speed wheel-on-rail vehicles, sub-
sequent efforts shall also include the capability for
testing frocked cir cushioned vehicles. in essencs, the
primary function of the facility is tc reproduce as many
of the vehiclo/wheel/rail environmental conditions as
are possible, as weli as simulate all the known remain~
ing environmental attributes. Further, sufficient oper~
ational flexibility shall be provided to afford a tool
for exparimentation in those areas where little knowl-
edge is now available. Figure 14 shows a picturial
view of the wheel/rail test facility.

Presently, the program is in the preliminary design
phase. Pueblo, Colorado has been selected os the
location for the facility. The facility is scheduled to
be fully operationol approximately two years from now,
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Facility Reguisrements
Design of the fecility is prodicated on the following
maximum vehicle and track charecteriatics:
Vehicle (Powered or Unpowered)
Weight 400,000 Ihs.
Horsepower 8,000 hp
Length 2006,
Widsh 20,
Height 2.
Track
Gage 4'8* 10 80"
Superelevation 10°
Vertical Displacement 6in.
Lateral Disolacement éin.
Frequency Ronge dc 10 30 Ha,
Dynamic Environment

Dynamic environment is an oll-inclusive ferm meont
to perhay the tolal dynamic phenomena thet ore fo be
considered in the design of the test facility. I the fa-
cility is to accomplish its frue purposs 1t must
simulate thess phenomena. Additionally, the facility
shwld display v«nﬁltty, reliability and provisions for

or exponsions, A listing of the dynomic
phmemcnahmqlvur

1. Local Track Effects

. Geometric irregularities
« Surface conditions of wheels and rails
. Compliance and damping

2. Track Geomatry
. Tangent track
. Spiral entry
« Superslevuted curves
. Grade

3. Train Induced Dynamic Phenomena

« End coupling loods
« Broking loads

« Accelerating loads
+  Aerodynamic loads

4, Self-Induced Forces and Motions

o Truck yaw oscillations
o Truck=car body inleracticis
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« Adhsslon, creep and slip

o Conirifugal forces
o Gyroscopic furces’
Siawlator Motions

Comsideration of reproducing the above phenomena
in the test facility has led to the preliminary design of
a basic platform which contains a circular roller for

_ simulating the fiat rail. Six hydraulic actuators are

used o import controlled motions to the platform and
wheel freller inteface in six dagrees of freedom. Thus,
the tolal system consists of a series of these plotforms,
or modules, with each module being copoble of provid-
ing motions in six degrees of freedom for the roller under
each whee! of the test vehicle.

As siated, the roller module is the unit whose pri~
mary function Is fo represent a continuous rail and its
anocicled properties at the train/wheei interface. It
fs therefore necessary to describe the roller module
motions relative to this interface. In addition +> the
local interface coordinate system, an additional ref-
erence coordinate system, fixed in space, ‘must be

.established to define the initial position of the local

orthogonal triad. Thic reference coordinate system is
amumdd to be ariented at the center of the track road-
bed, Figure 15 illusirates the two coordinate systems
in which oll possible motions of o given roller module
can be described. Table I defines the simulation mode,
degrees of freedom and the specific coordinates associ=-
ated with the motions required for simulation.

Figure 15. Whesel/rail simulator coordinate
system
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Mechonical System

An elevation view of the six degress~of-fresdom
concept is shown in Figure 15,

- Ementially, there are three vertical actuators ond
three harizontc] actuators per module. The verticol
acludtors provide motions in the vertical direction and
rotationa! motions in roll and pitch, The iongitudinal
actuater is used for impasing longitudinal motien;
while the lateral actuators provide iateral and yow
motions. The roil-simulating roller is positioned along
the longitudinal centerline of the-platform and is sup~
ported by two bearings which are rigidly attached to
the platform.

The roil-simulating roller is driven by an off-beard
drive system utilizing on electrical motor and flywheel .
The totol drive system consists of the following elements:
Drive motor
Flywheel
Drive shaft
Hydraulic vane coupling
Constant velocity caupling
Drive motor/Flywhee! coupling
Flywhee! support beoring
Hydrostatic spline

For unpowered vehicles, the drive molor supplies
the necessary power to turn the flywhes! and the roller
through the drive shaft, The toial rotational inertia
of the flywheels is sized to simulate the longitudinal
inertia of @ moving vehicle. Coupled to each roller
{on=board the platform) is @ hydraulic vane coupling.
its purpose is to provide controlled velocity changes
to the roller (to nullify the decrowning effect) without
requiring controlled speed changes in the drive motors.

Torsionally stiff, constant velocity couplings are
used to connect the two rollers under each axle. This
some type coupling is used to connect the flywheels
{located off=board the platform) to the rollers. This
coupling allows the transmission of high tesque with
minimum velocity error, A hydrostatically lubricated
spline is included between each pair of constant veloc-
ity couplings which provide an axial degree of freedom
to accommedate variations in distance between shoft-
connected components due to platform motions.

szroul ic SE’Om

Based on present informotion, facility layouts are
being made to accommodate a 5,000 gpm, 3,000 psi
hydraulic system, Present information and onolyses
show that a ten module (one module per wheel of an
eight wheeled vehicle, and one module per each end
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MOTIONS REQUIRED FOR SIMULATION

Specific Specific
Simulation Mode Coordinates Simylation Mode Coordinates
Vecticat irregularities of ten= Y; translation Superel evated spiral track Y; tramlation
gent track 8, rotation (pitch) Yy tromiation
Y, tromlation
Lateral irregularities of Y, translation 8, rotation (roll)
tangent track 9, rofation (yaw) 03 rolation (yaw)
AQ
Combined vertical and lateral Y, tronslation
irregulorities of tangent track Y, trarslation Superelevated spiral track Y, tramslation
6, rototion (pitch) with vertical and lateral Y, tramslation
6; rotation (yow) irregularities and warp f, fronsl ation
superimposed 0, rotation (roll)
Tangent track with crowning Y, translation 6, rotation (pitch)
compensation * Aot @, rotation (yaw)
AQ
Vertical irregularities with Y; tror.tation
crowning compensation on Y; translation Superelevated spiral track Y; translation
tangent trock 8, rotation {pitch) with vertical and lateral Y, translation
AQ irregularities, crowning Y, tromlation
compensation, and warp 6, rofation (roll)
Lateral irregularities with Y' tzanslation superimposed @, rofation (pitch)
crowning compensation on Y, translation 6, rofation {yaw)
tangent track 6, rotation (yaw) AQ
AQ
Combined vertical and laterol Y) translation
iegularities with crowning Y, tronslation
compensation on tangent track f, tronslation
8, rofation (pitch)
9, rotation (yaw)
AQ

*Crowning refers to the wheel on the crown of the roller, i.e., the position where the axes of rofation lie in the

same vertical plane. in a wheel/rail simulator in which circular rollers are substituted for flat rails, the oquilibrium

of a truck becomes unstable once the whaels have departed from the crowns of the rollers as the truck yaws.

t AQ signifies a change in roller rpm. in the case of crowning compensation, this would only involve a small and

temporary perturbation about the steady~state rpm and in a direction dictated by the sense of the decrowning trans-
lation, whereas, during superelevation ard simulated curve negotiation, AQ) signifies a change in the steady-state
rpm in order to compensate for the effectively "longer" outer rail.
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Figure 16, Elevution view of six degrees-of-
freedom concept

coupler) would require a 3,000 gpm system while an
eighteen module system would require a 5,000 gpm

system,

Reaction Masses

Concep’s call for a fixed reaction mass on one end
of the test area, with a movable reaction mas on the
other end of the area. Present plans call for a totel
reaction moss weight of approximately 18,000 tons.

Control System

The control system determines the performance of
the actuator module system under all conditions of vary-
ing loods. This system must be adoptive to changing
load environments, which affect the reproduction of
static track irregularities, track input impedances, and
vehicle induced dynamic track irregularities while
suppressing artifacts which result from the simulation
processes.

The nonstationary nature of the coupled vehicle/
wheel /rail interaciion processes predicates an adaptive
control system. A liybrid system offers the best approach
to the successful accomplishment of a general control
system which can adapt to the evolutionary character-
istics of the processes to be controlled in real time.
The control system is schematically illustrated in Figure
17. The hybrid system comprises the following modular
sections: source profile generator, adaptive filtering,
coordinate conversion, inverse system transfer function,
signol conditioning, digital monitur and processor,
inverse coordinate conversion (optional), the necessary
feedback networks, including inverse track impedance
transfer function, and the inter-communication coup-
ling with other control sysiem modules.
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Figure 17, Wheel /rail simulator contra system

Facility Layout

Figure 18 presents the total facility layout. This
layout illustrates the test area os well as the associoted
areas required for efficient facility operation. Presently
conceived cre two bridge cranes, of 100 tons lift copac~
ity each, that wil) be used to off-load the test venicle
from the spur rrack onto the test machine, This process
is reversed when testing is accamplished,

Though the layout is predic-icu on both immediate
and future requirements, the facil ity will be designed
to allow for future physical exponsion, .

Figure 18, Wheel/rail test facility layout
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DISCUSSION

dir, Kana (Southwest Research lnsltltutel: On
the three degree-of-freedom simulator for the
helicopter environments you did not say very much
about how equalization is accomplished, Would ycu
elaborate on that, and in particular, indicate
whether vou ran into any problems that were dif-
jerent from what one would anticipate for a one
degree-of-freedom system with a broad band input?

Mr, Arone: The control system for the heli-
copter simulator incladed filter networks for equal-
izing out the mechanical resonances of the exciters
and the fixtures, Several trials were necessarv in
uvcder te obtzin a onc~to-one correspondence from
the tape input to the controls o the ountput of the

fixture, Again this was a compromise and is a
best-effort type if situation, The basic limitations
in one degree-of-freedom system compared to the
three degree-of-freedom system are the frequency
response, and, of course, the duplication of the
field environment. The frequency response in our
system was extremely good from the range of 5 Hz,
to around 150 Hz, Above 150 Hz., the control was
more difficult to achieve, In a single degree of
freedom sysiem this would be easier {o obtain,
However, having to make our system a three degree-
of-freedom system, the restrictions imposed by the
basic stingers, as we call them—the attachments—
gave us some problems in those areas, We have a
patented design on some stingers which allow

three degree-of-freedom testing simultaneously,
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GESIGN AND FABRICATION OF AN AIRCRAFT SEAT CRASH SIMULATGR

Nelson M. [sada

State University of New York at Buffalo
Buffalo, New York

The crashworthiness of aircraft seat and passenger-restraint systems
may be determined by means of crash simulation in a laboratory. This
study is primarily on the design and fabrication of a variable slope
inclined plane crash simulator for the purpose of: (1) testing models
and prototypes of aircraft seat and passenger-restraint systems, and
{2) validating mathematical models of the dynamics of aircraft seats

device of sandwich coil springs,

anisms.

and restraint systems. - The crash simulator consists of: (1) a crash
cart, (2) a swiveled inclined ramp with tracks, (3) a decelerating
(4) a reinforced concrete abutment,
and (5) accessory equipments such as quick release and latching mech-

INTRODUCTION

In evaluating the crashworthiness of air-
craft seat and passenger-restraint systems it
is necessary that the effect of the high dec-
eleration inputs to the seat and passenger-
restraint system be reduced so that the
chances of survival during.a crash landing
and rapid egress afterwards can be increased.
It is also hoped that the probability of de-
tachment of passenger seats and their backs
from their mounts during crash landings will
be minimized through energy dissipation and
pulse reshaping of the shock input from the
airframe,

To attain the foregoing broad objectives
two parallel programs [Refs. 1 and 2] were
followed, namely (1) an analytical program and
(2) a laboratory crash simulation program.
This paper discusses the progress of the lab-
oratory program. This program consisted pri-
marily ¢f the design and construction of vari-
able slope inclined plane crash simulator for
the purpose of: (1) testing models and proto-
types of aircraft seat and passenger-restraint
systems, and (2) validating the mathematical
models developad in the analytical program.

A search of the literature revealed the
existence of several crash simulators. These
crash simulators vary in complexity - some
simple and others very sophisticated facilit-
ies. However, most of the crash simulators

133

have been designed to sirulate level (hori-
zontal) crashes. Hence, this study was made
to simulate variable impact angles.

A small-scale crash sirulator was built and
tested by the writer and Swiatys2z [Ref. 1],
then a decision was made to design and build a
a larger version which can accommodate two air-
craft seats subjected to a 15g half-sine dec-
eleration pulse. This full-scale crash sim-
ulator is shown in Figures 1 and 2. The major
components of this simulator are: (1) a 6 ft.
wide by 7 ft. long flat top steel cart with
five wheels on each side and weighing 2600 1bs.
unloaded; (2) a swiveled inclined ramp with
tracks supported by a steel superstructure
about 30 .ft. long, 18 ft. high and 8 ft. wide;
(3) a decelerating device made of sandwiched
steel coil springs and reversible wedges for
change of impact angles; (4) a reinforced con-
crete abutment, weighing about €0 tons, with
removable tor; and (5) accessory equiprents
such as the center guide mechanism, a quick re-
lease and latcming mechanism, and 1ifting
(electric winch) devices.

The design and fabrication criteria for this
simulator consisted of a fixed construction
budget, 1imited time, simplicity, safety, mini-
mum maintenance, the possibility of rglocation
and further development. The major technical
specifications were: (1) Loaded weight of cart,
4,000 1bs.; (2) Peak deceleration of cart,

15 g's; (3) Deceleratior duration, 0.1 sec.;
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(4) Normal impact angle (slope of ramp), 15 de-

- grees; (5' Maximum travei on ramp, 18 ft.; (6)

Maximum drop height of cart, 9 ft.

The instrumentation used to tast the full-
scale crash simylator consisted of piezo-
electric accelerometers connectea to charge
amplifiers which are in turn connected to a
multichannel oscillograph by means of shielded
cables. More detailed descriptions of the
components of this crash simulator and the re-
sults of crash tests will now be given.

THE CRASH CART

The crash cart, shown in Figure 2, is the
central portion or the crash similator because
its dimensions and characteristics atfect the
remaining cemponents of the system. For ex-
ample, the width of the cart affects the lo-
cation of the tracks which in turn affect the
width of the supporting structure; the weight
of the cart affects the characteristics of the
decelerating device and the capacity of the
electric hoist.

As mentioned earlier, the cart should be
able to accommodate a two-passenger aircraft
seat. This specification imposes a 400 1b.
(weight of two passengers plus weight of seat)
load on the cart. In order for the dynamic
interaction between the cart and the load to be
acceptable a total weight to load ratio of ten
was chosen. This required a total loaded
weight {cart + load) of 4,000 1bs.

In addition to the above spacification it
is also desirable that the cart be able to ac-
commodate geometrically three rows of seats so
that the effects of restraint systems (belts

and/or inflatable afr bags) may be investigated.

This additional requirement was met by building

a cart with a flat steel top 6 ft. wide by 7 ft.

long by 1/2 inch thick. The larger length than
width dimension is satisfactory from the stand-
point of stability against yawing (horizontal
turning) of the cart during a test run.

The third specification for the cart was to
distribute the load as evenly as possible, For
this purpose, ten wheels (five on each side)
with polyurethane elastomer tires {to cut down
on noise) were used. The wheels are held by
one-inch diameter axles.

A fourth major specification for the cart
is rigidity. This requirement was met by using
6" x 4" x 1/2" angle irons for outside braces,
a 6" I-beam for center brace, and 6" x 1/2"
bent plates for cross bracing as shown in
Figure 4. In addition, the front of the cart
was made rigid by welding five eight-inch I-
beams and a one-inch bumper piate to it as
shown in Figure 3 and Figure 4.
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INCLINED RAMP AND SUPERSTRUCTURE

The first requirement imposed on the ramp
was variable slope. To meet this specifica-
tion a swiveled ramp, shown in Filgure 5, wa
selected. This ramp can be inciined from
to 30" about a 3-inch diameter pin.

The second requirement for this ramp is for
it to be able to carry the crash cart and its
load. To this end one 12-inch channel on each
side, weighing 20.7 1bs. per foot, was used.
Each channel is supported by eight-inch wide
flange (8 WF) columns every 6 ft. as shown
in Figures 5 and 6.

Yhe third specification for the ramp is for
it to be able to carry the cart wheel tracks
and the J° center guide rails. The ar-
rangements are shown in Figure 6. This
figure shows the 5-inch channel track at-
tached to the 12-inch channel carriage and
the & guide rail attached to the channel
cross braces.

The fourth requirement imposed on the ramp
is rigidity. This specification was met by
the use of channel braces and tie rods as
shown in Figure 7.

The primary functions of the superstructure
are to support the ramp and the 1ifting de-
vices. The superstructure, shown in Figure 8,
is made of “fve 8-inch wide-flange columns
(8 WF24 8 6' -0" o.c.) on each side and
Joined at the top by an angled 8-inch wide
flange beam (8 W*17). Each side is braced
vertically by 1-inch diameter tie rods and
S-inch wide flange beams (5 WW16). The two
sides of the superstructure are joined to-

ether at the top by 5-inch wide flange beams
?5 WF16) and braced diagonally by 2 1/2" x
2 1/2" amgle irons. Knee braces are provided
at the end columns.

NECELERATING DEVICE

The decelerating device must meet two major
requirements, namely, (1) a capability to
change the angle of impact and (2) a capability
to produce a pulse duration of 0.1 sec.

The first requirement was met by using five
reversible steel bumpers (wedges) made from
8-inch beams as shown in Figure 9. These
bumpers are bolted to the reinforced concrete
abutment. The upper arrangement, shown in
Figure 9, is for an impact angle of 30 degrees
whereas the lower portion is for a horizontal
impact. The bumpers for a 15-degree impact
are made of uncut 8-inch beams. The spacings
of these bumpers match the spacings of the
cart bumpers.
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The pulse duration requirement was met by
bufiding a sandwiched steel coi! springs as
shown in Figure 10. This figure shows a steel
plate joining the forward ends of the ccil
springs and anchored to the B-inch wedges.
There is another plate joining the rear ends
of the coil springs. The rear face of the
sandwiched springs slide along the wheel tracks
to prevent falling 6ff. The springs used in
this initial study are automotive suspension
springs with an average spring rate of 200 1bs.
per inch each. The springs are removable (a
nmaximm of eighteen springs can be uced) so
that the spring rate can be varied to meet the
pulse duration requirement. The spring rate
necded is (See Figure 11)

Required K. = n*W/gt?

where
Ks = simulator spring constant, 1bs./inch

W = cart weiqght, 1bs.

g = gravitational acceleration, inches/
sec’

1 = pulse duration, sec.

The foregoing equation has been derived from
the free vibration solution of an undamped
Tinear spring with no initial deformatfon and
then impacted by a rigid mass.

REINFORCED CONCRETL ABUTMENT

The major requirement in the design of the
abutment is that it must be stable, i.e., the
moticns must be negligihle. To meet this re-
quirement several physical considerations were
made. One is that the mass of the sbutment
niust be large compared to the mass of the cart.
A mass ratio of 30 was chosen as practical.
This mass ratio requires that the abutment
must weigh around 120,000 1bs. (60 tons). The
most logical choice is a reinforced concrete
abutment. The dimensions of this abutment are
shown in Figures 12 and 13. This concrete
abutment is made up of three parts (see Figure
12), namely, (1) an existing concrete pad (11'
6" wide by 7'0" long by 4'0" deep) fermerly
used as a machine foundation; (2) a newly
poured stepped continuous pile (11'6" wide b
3'0" long, stepped down to 1'C" by 7'0" deep
and (3) a removable top (11°'6" wide by 10°'0"
lony, plus a concrete striker wedge, by 3'0"
high). The existing machine foundation was
used to increase the mass of the abutment, the
stepped continuous pile was poured to insurc
that the abutment does not move dangerously,
the removable top feature was added for pos-
sible relocation and further development, and
a concrete striker wedge with anchor bolts were
added to provide an inclined face for and to
anchor the steel wedges.
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ACCESSORY EQUIPMENTS

“everal accessory equipments are needed for
the proper operation of the crash simulator.
One is a pair of guide mechanisms (or hooking
devices) attached to the underside of the
cart. The mechanism, shown :n Figure 14, pro-
vides cam followers to rell against the
guide rafls mounted on ths inclined ramp as
shown previously in Fig.. e 6.

Another accessory equipment is the latching
and release mechanism shown in Figure 15.
This mechanism is made of a curved plate at-
tached to the rear of the cart and a pnewnatic
cylinder with a spring-mounted plunger. The
cart latches when the plunger and tne hole in
the curve plate align. The cart is release:
by providing compressed air to the pneumatic
cylinder to overcome the friction between the
curved plate and the plunger.

A third accessory equipment is the cart re-
covery device. The device chosen is an
electric winch with a stainless steel cable
hooked to the cart in order to pull the cart
up the incline. The electric winch is mounted
at the end of the inclined ramp.

A fourth accessory equipment is a pair of
chain hoists for changing the slope of the
ramp. These hoists are mounted on the top
brace of the superstructure.

CRASH SIMULATOR TESTS

Crash tests made with the full scale crash
simulator proved out the adequacy of the
design and the instrumentation. Hence, the
crash simulator is now ready for the testing
of prototype (full scale) passenger seats.

The instrumentation used to test the full-
scale crash simulator consisted of piezo-
electric accelerometers connected to charge
amplifiers which are in turn connected to a
multichannel nscillograph by means of shielded
cables as shown in Figure 16.

Two seats were used to test the full scale
crash simulator. One was a school bus seat
that was readily available and full size.

The seat was mounted on the cart similar to
the way the seat is mounted on a school bus.
The mounted seat can be seen in Figure 3.
Although the crash simulator performed satis-
factorily, the <chool bus seat did not because
the seat cushion was thrown about when sub-
jected to a cart deceleration of 3.77g. The
cart deceleration for this test was recorded
and is shown in Figure 17, together with the
time base pulses energized by micro switches
which were triggered by the cart. In this
test, ten automotive coil springs were used in
the decelerating device., Inspection of tie




school bus seat cushion showed that the clamp-

ing attachment was very weak, indicating & need
for the development of rational specifications

for school bus seats.

In view of the above, another seat was
used. An automotive seat, which was also
available, was mounted on springs simulating
the stiffness of aircraft seats. Another modi-
fication was the addition of eight springs to
the previous ten springs in the decelerating
device. Crash tests were then performed by
varying the drop height of one foot to a drop
height of four ‘eet, The results of the mea-
sured peak decelerations are snown in Figure
18. Also shown in Figure 18 are the calculated
peak decelerations based upon free fall impact
velocity and the free vibration of an ideal
spring-mass systen. Both v2esults agree close-
ly. The small discrepancies can easily be at-
tributed to rolling friction. Also shown in
the figure is the distance travelled by the
cart before impact along the 15-degree in-
clinad ramp.

CONCLUSTIONS

As a result of this study, some new in-
formation has been gained and what we believe
to be a unique crash simulator facility has
been built. Some of this new information
and the components of the crash simulator have
bzen discussed. Briefly, it can be concluded
that: (1} A simple, rugged and effective
variable slope inclined plane crash simulator
can be designed and built for use to test full
scale aircraft seats and passenger-restraint
systems; and (2) commercially available trans-
ducers, instrumentation, recording devices and
photographic equipment can be used gainfully
in crash simulation tests.
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FIGURE 1. INCLINED PLANE CRASH SIMULATOR
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FIGURE 2.

SIDE YVIEW OF THE CRASH SIMULATOR
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FIGURE 3.

THE CRASH CART WITH SEATS
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DROP LENGTH ON
RETCHT SLOPE | IDEAL ESTIMATED PULSE MEIGHT | MEASURED**
(For 15°)  [cART 6*_ CART G_ (MEASURED) CART G

1’ - o 3 - 101 | 6.5 g 5.9 g 0,703" 6.0g

1' - 6" 5'- 9 5/6"( 8.0i g 1.2 ¢

2' - o" 7'- 8 3/4"| 9.25 ¢ 8.3 g 0.980" 8.4g

2' - 6" 9'- 7 3/4"| 10.32 g 9.3 g

3 - o n* -m 11.32 ¢ 10.2 g 1.125" 9.7

3" - " 13'-6" 12.23 g 11.0 g

4' - o" 15'-5 3/8"| 13.08 g 12.7 g 1.56" 13.4¢

*Gm = Peak Cart Deceleration

**Conversion Factor: 8.62 g/inch

FIGURE 18. PEAK DECELERATIONS OF CART FOR VARIOUS DROP HEIGHTS.

PISCUSSION

Mr, Keeffe (Kaman Sciences): You said you

designed your simulator for 15 g's, is this a rep-
resentative number for crashing airplanes?

r, Isada: Some specifications say 8 g's,

Mr, Isada;

newer ones say 10 g's, but we feel that aircraft

seats should be designed for at least 15 g's, If the
seats and the restraint systems can withstand the
impact, even if the shell collapses, we feel that the
passenger has a betler chance of surviving,
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*DESCRIPTION OF A SHOCK AND VIBRATION DISFLACEMENT AMPLIFXER"

D. Cerasuolo, J. Chin
Raytheon Company
Sudbury, Massachusetts

discussed.

This paper describes the technique used by the authors
to simulate the large displacement low frequency dynamic
environments found in massive ground based installations.
The cechnique utilizes a conventional electrodynamic
shaker and readily available commercial test equipment.
A prototype of the Shock and Vibration Displacement
Anplifier was assembled and tested. The performance

and theory of operation of this prototype system are

INTRODUCTION

Recent developments in this
country's National Defense Policy and
cunsequently the U.S. Armament industry
have brought about changes in require-
ments for survivability of equipments
in battle environments. Among these
are large displacement low frequency
dynamic enviromment found in the massive
ground bassd installations such as that
Raytheon Company is presently involved
with. These programs require
displacements as high as 10 inches at
frequencies as low as 2 cps.

The bulk of equipment available
to perform dynamic tests are electro-
dynamic shakers. These equipments are
inherently displacement limited.
Displacement limits are generally in
the fraction of an inch to one inch and
a fraction range for nearly all exciters
of this type in use today. A few large
displacement exciters have been built
but are of the single thruster type
design and severely payload limited.
Hydraulic shakers which lend themselves
to large displacement low frequency
applications require large expensive
installations, and lack the flexibility
of an electrodynamic shaker system,
especially at the higher frequencies.
Because of this and the requirement,
we were given to perform these large
displacement low frequency teats, the
system herein described was developed.
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THEORY OF OPERATION

The concept upon which the system
is based i.e., utilizing the phenomena
of resonance to achieve displacement
amplification, is not new. However,
the method we used to implement and
control the phenomena is unigue. The
following schematic will help
illustrate the method:

b 4
~ 14
8
==
c
Figure I

The system can be assumed
analogous to the single degree of
Freedcm System of Figure I,
The electrodynamic shaker is represented
by the support and the test item by the
mass. The forces acting on the mass
are the spring force = k(s-y) and
damping force = c(s-y), assuming "y" is
greater than "s"*, Using F = ma, the
equation of motion is:

(1) my = k(s-y) + c (8-y)

where: s = the displacement of the
support

y = the displacement of the
mounted body




The factor "%, the system spring
constant and “c”, the viscous daapiry
ares tho parameters we will ccrtlol to
achieve the desired response for a
damped sine shock test or swept sine
vibraticn test., Solution to the
differential equation in terms of the
amplitude ratio (referenced tc as
transxissibility ‘rD) ]

(2)

g
T, =2} b .
s, | By (5]
vhere:

'l'lJr undamped natural frequency
= [K/m

and damoing constant ( ) = C/C,
is the critical dampirg) are

the system parameters in terms of "K"
and "C*., Plots of this equation for
various values of \} are shown in

Figure II

(Cc

‘o

At resonance w/. = 1, the trans-
missibility is a maximum and the
equation becomes:

(3)

. a2 5)?

D
Niz § )2

The absolute displacemer: (s + y)
of the mounted body is then entirely
dependent on the damping, the ratio
varying botween infinity ( ©o ) for an
undamped system and (s + Y5/%) for a
critically damped system. Therefore,
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by adjusting the "K" of the system so
that the ratio of "w" which is the
forcing frequency to-)- is unity, a
conditicn of resonance is obtained
wvhereby the displacement i3 smplified
as a function of the systen damping,

In our system we have utilized air
springs vhose "K" is contimuously
variable as a i::ctwn of qu:ous
pressure enabl us to "tune” the
system in its dynamic state, A schematic
of the prototyps mechanicel amplifieris
illustrated in Pigure III.

pam—— Y -]

Yor the damped sinusoidal shock
testing, the exponential decay rate
of the transient disturbance of the
mounted body is slso a functicn of the
system damping. Since the system
damping is not continuously variable
in a controllable manner--our system
s ates the decay rate desired e.g..

= 0,1 expressed in a percentage as
10% of critical (Cc). This is achieved
by controlling the decay rate of the
input forcing fregquency with the
amplitude modulator.

In the Swept Sine Vibration Mode,
the system must be continuously tuned
to rssonance while sweeping the
frequency. This is achieved by
utilizing the phase relationship of
the displacement of the mounted body
to that of the support.

Again referring to Figure I
the expression for the displacement of
the mounted body "M" is:
(4)

Yy =y, cos (wt + ¥ )




or
mounted body "K" and the support.
solution to this equation in terms
of the tangent of the phase angle:

(5)

""“‘}'2'

is ti:a phase le between the
&h&e—:t( ghution)of
The

-2 5 (wn )3 K
[-ofrn ]+ Rowva E)?

where all texms sre the sume as in

Bquation (2). Again evaluating the
expression at resonance:

(6)

Tan ¢ z"ﬂ’-

* A plot of this equation for various
mmofc,fccu-mmrmmzv
oM

It can be seen then that the
phase angle is also a function 8£ the
danping ratio and approaches 90" at
resonance with no damping i.e., 5 = 0.

angle varies between apgroximately

=27, for a critically damped system

(5 = 1) ana-90” for an undamped
system, In our system yith y = .1
this phase angle is -79°. It is this
phasa angle vhich we use to control and
maintain the system at resonance with
the sweeping frequency.

DESCRIPTIOR OF SYSTEM
The complete system consists of

an electrodynamic shaker/amplifier
which includes the Amplitude Servo
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Monitor &nd the Oscillator. The
Shaker Systam transducers nd signal
conditioning equipment ars all part of
the normal sxisting vibration labors-
tory jment. The addition of the
Amplifier. Resonance Dwell
Phase Mster, Dual Tracking Filter,
and “'z Pneumatic source completes
the system as shown in Figure V.
—= N

| i Lo smen :.

P == X ——oSram i -
- P~

g

In the steady state vibration mode,
the shaker system amplitude servo
monitor and oscillator are set up as in
a normal test to suit the dynamic
conditions required. After start up
of the shaker, the air springs are
tuned to resonance as indicated by the
pcoper phase angle on che phase meter,
and/or lisajous pattern on the
oscilloscops. This is usuully done at
the lovwest desired test frequency.

The tuning is accomplished by admitting
gaseous nitrogen from a high pressure
gas source through a regulator to set
the desired pressure on the air springs
Acceleration or/displacement trans-
ducers mountsad on either side of the
displacement amplifier provide a signal
to the phase meter through a dual
channel tracking filter. The tracking
filter is used both for cleaning the
signal i,e., removal of uiwnmntad

noise, and to utilize the uetero-
dyning of the 100Kc, carrier foc
frequencies below 5 cps, the low
frequency design linit of the phase
meter. These signals "A" from the out-
put (mounted body) side and “B" from
the input (shaker top side) are fed
through the signal ccnditioning

(charge amplifier) system for normal-
124tion and or gain adjustment, then
through the tracking filter to the
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phase meter., Signal “A" is also sent A photograph of a typical test
from the tracking filter to the servo setup is shown below

monitor for continuous control of the

test item to the required specification

ter tuning to resonance, the
phase meter - which containg an integral
resonant dwell circuit - is placed in
the “Preset* mode which nulls the out-
put to the sweep oscillator. This
procedure accomplishes the control of
the oscillator by the resonant phase
angle between the input and outpat of
the mechanical amplifier. The
oscillator is controlled by an error
signal provided by a change in the
preset phase angle in the resonant
dwell phase meter.

The phase error is generated by a
change in pressure at the air springs
constantly *detuning™ the system. The
phase meter, continuously correcting
for the detuning, drives the oscillator
to resonance, resulting in a swept sine
frequency "at tuned resonance®
proportional to tlhe rate of change of

‘PIGURE VII-PHDTOGRAPH OF A TYPICAL TEST SETUP

2. Results:
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Shock Mode of Operation:

In the Shock Mode of Operation,
the system is "tuned" to resonance at
a discrete frequency in a similar
manner, with the set up shown as in
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Figure IX. The ampli‘uds modulated
1qnl1 delivers a sine burst
th- u'ul frequency and decay
etht he power smplifier to excite
haknr The resulting displace-
nlm: is amplified through the air
spring mechanical amplifier to the
desirsed level by adjusting the peak
amplituds of the input signal. This is
accomplished by (See Figure X) applying
a sine burst of the desired frequency
frox the function generator where it is
time phasedand triggered in tha
variable delay. The pulse gate passes
the number of cycles desired and sets
the decay rate as dolivered by the
ramp voltage generator. The amplitude
modulated signal is then fed into the
power amplifier to excite the ghaker.

s |
—_ N
-y R L
! e
| |
DENIE SNOD DN GBS OWIGIATRS
J< : - | i
_1 D.C,

21008 § - AMPLITDE MODULATID SICHAL SOURCE

Amplifications of greater than
10:1 have been accomplished.
Displacements of 11 inches at 3 cps on
the mounted body have been achieved.
The results are shown in Figure XI
through XIII.
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sensirivity: Vertical 2u0rv/cn
(5 itz)
PIGURE XI - AMPLITUDE MODULATEL SHz
SinUSOID

Filterec In: .t (SHz vandwidrh)
Sensitavity vertical (l.4g i, (‘"F:.)

FISURE XII - DAMPED SINE SHDTK INPU
™ TEST ITEM

Filtered (5Hz Bandwidth)
Sensitivity: Vertical (1.43/cm), (5l2)
FIGURE XIII-ELECTRO D LAMIC SHAKER ARMATURE




DISCUSSION

Mr, Galef (TRW Svstems): [ am surprised it
vour very good results on the (himped slnusoid,
Htere we are dealing -vith a bghtly damped systen
which takes some time to miild up to resonance, and
1 woull expect it to reach its peak value qulte a few
eveles later in time and tien to daisy out quite
slonly,  How does the thearetical calculstion of
that ten pereent dampesd svstem con:pare to what
vou actually got ?

Mr, Crasuolo: This is a function of the clee-
trodynamic shaker itself. and of the mounted test
mass and the skaker arnmature—the load to be over-
come, \Would vou show slide 12 again pleas:? The
eak amplitude is not reached on the firsi evele, It
will take as many cveles as are necceessary to
overcome the inertia, Notice that the peak amplitude
is reached on approximately the second cyele, This
s a limitation which yvou have to live with unless
vou have got enough force capability to handle it,

Mr, Galef: That is the input, I am concerned
about the other side of the air bag, [ would expect
the peak not to be reitched uniil the fifth or sixth
evele,

Mr, Cernsuolo: The actual test does produce
somce defay in the peak, but not five or six cycles,
it depends on how much inertia you have to overcome,
amld the damping of the system, We are tryving to
achieve the buildup of resonanee, As you say, there
is a limitation in that instcad of producing an exact
«.1mped sinusoid, sometimes in order to get the peak
vou have to start it initially with one or two cveles
of a lower amplitude to build up to the peak,

Mr, Scrrez ’IB.\Q: Your pleture shows hori~
zontal tests, Did yvou also do the same type of test
in the vertical direction?

Mr, Cerasuolo: Ye¢ , we have done it in all
three axes, The vertical axis is much more im~
pressive but unfortunately 1 did not bring the photo-
graph with me,
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Mir_ Scrnez: How do you manage the one inch
maxinmum travel on the shaker with the high ampll-
ficaticn of the speclmen?

Mr, Cerasuolo: Are you referring to the
stabiiity of the system in the vertical mode?

Mr, Scrnez: Yes, Do you use a de bias to
maintain a position?

Mr, Ccrasuolo: Oh, [ see what you mean, ‘Ne
do relicve the mass in excess of 1,000 pounds on
the shaker so that the system will not bottom out,

Mr, Scrnez: Cne more questlon, You indicate
wczults at 3 Hz, Do you rale your vibration system
and operate the exciter at 3 Hz. ?

Mr, Corasuolo: Yes, we do operate the. exciter
at 3 11z, At low [requcncies one can not uge the
rated output as an actual parameter of the shaker,

Mr, Scrrez: Do you actually get a slnusoldal
shape out of the shaker at 3 Hz, ?

Alr, Cerasunlo: Yes, wc do,

Mr, Jobe (Bell Labs): This may be an unfair
question, Your paper was directed to sine testing,
We use the shaker for clectrodynamic shock tests,
Have vou had any experlence or have you used this
as an amplifier in order to he able to get more shock
output from a shaker of thls nature?

Mr, Cerasuolo: It will not work, Do you mean
for somcthing like a pyrotechnic shock or a single
sinusoid pulse type test?

Mr, Jobe: Pyrotechnic sheck is what 1 meant,

Mr, Ccrasuolo: Wc could reproducc a dc pulse
type test but a pyrotechnic shock—which is in
essence an oscillatory translent—can not be
handled by this becausc it is essentially a low fre-
quency system and it just will not respond,
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ARTILLERY SIMULATOR
FOR FUZE EVALUATION

H. D. Curchack

Harry Diamond Laboratories
Washington, D. C.

A unique facility for fuze testing has been constructed

that simultaneously provides linear and angular accelerations
as they a-¢ applied in rifled artillery. The fuze is
electrically interrogated during this time and subsequently
while the angular velocity is maintained. This second

report on the simulator describes the progress made in

four years and the work still to be done. A description

of the device and status of the major components is followed
by evidence cf the correspondence of test conditions

with those of field firings, a discussion of irnstrum2ntation,

for future development.

a description of table-top simulators, and discussion
of the advantages of the present technique and areas

INTRODUCTION

Centrifuges, spinners, gas guns,
actuators and rocket sleds have been
constructed for laboratory simulation
of the forces experienced by fuzes
or fuze components when launched or
fired. Of these, gas guns and spinners
are frequently used by engineers con-
cerned with the environment experienced
by such spinning artillery fuzes as
may be fired from howitzers, recoilless
rifles, or certain mortars. In one
gas-gun technique, the fuze is slowly
accelerated to a predetermined velocity
and then decelerated by impact with
a known target. This rapid deceleration
simulates the setback of the field
fired projectile. The main advantages
of this technique are that the fuze
is immediately available for inspection
and the cost and problems associated
with recovery in the field are elimi-
nated. In spinners the fuzes are ro-
tated at the angular velocity appropri-
ate to the weapon, and optical or elec-
trical observations are made of perform-
ance, Some spinners use low inertia
or other means to duplicate the angular
accelerations expevienced in the field.

This paper describes a unique
facility called the Artillery Simulator
which unites the features of the gas
gun and the low inertia spinner so
that setback and spin acceleration
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occur simultaneously. Although s
description of this device has been
previously published [1,2], it is
repeated here because circulation

cof these documents was limited and

the description is necessary to under-
stand this paper. However, all the
results are new and some new equipment
is described herein. Also described
are automatic testers for production-
line evaluation cof fuze components
enploying the techniques developed

4]
THE CONCEPT

A system is desired that simulta-
neously applies linear and angular
accelerations to a fuze or fuze compo-
nent as is done to projectiles fired
from rifled barrels. The angular
velocity achieved is maintained, as
in the case of a projectile in flight,
and the performance of the component
is electrically monitored for a period
representing the flight time. Cur
approach is as follows.

A hollow cylindrical tube is
rotated about its longitudinal .axis
at a desired angular velocity. A pro-
jectile (which we shall call "bird"
to distinguish it from the actual
projectile used in the field) enters
the tube at a given linear velocity.
Within the tube, the bird is linearly
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decelerated while being angularly accel-
erated until it has stopped linearly

and has acquired the angular velocity
of the spinning tube. Furthermore,

at some xime during this process an
electrical circuit is completed that
allows contianuous monitoring of the
fuzing component within the bird.

Althcugh interdependent, the prob-
lems associated with this approach
ar® readily enumerated and must be
properly resolved. [t is necessary
to provide:

(1) The requisite linear velocity
to the bird without disturbing the
fuze component. (Gas gun)

(2) A tube, of bore sufficient
for testing fuze components, that
can rotate at a representative angular
velocity. (Spinner or Spin-catcher)

(3) A stoppi:ig mechanism to
decelerate the bird properly while
minimizing the forces transmitted
to the bearings (Mitigator-Momentum
Exchange)

(4) Electrical circuits from
the bird to the spinning tube to remote
instrumentation. (Readout)

THE GAS GUN

A method of setback simulation
often used at Harry Diamond Laboratories
is to first accelerate a bird in a
96 ft gun and then stop it within
a few inch2s in a target of lead blocks
{5,6]. The velocity attained in the
gun is chosen so that the peak decel-
eration on impact as recnrded by a
copper ball acceleromcter [7,8,9]
is comparable with typical field condi-
tions. This facility has proved its
usefulness in the development of many
electromechanical fuzing systems,
because the fuze designer has a readily
available test that his fuze has to
survive before satisfactory field
performance can be expected.

I1f we assume our simulated accel-
eration (impact acceleration) to have
an average, a, then the velocity, v,
to produce a given a in the stopping
distance, s, is approximately

v = /Zas (N

This is the velocity we need
to attain in the gas-gun in terms
of simulation parameters a and s.
Assume that the velocities of interest
can be obtained in an almost constant
acceleration gun, therefore
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v = /ZAL (2)

where A is the acceleration and L

is the length of the gas-gun. Since,

as previously stated, the gun force

or acceleration is to be small compared
with the stopping force or simulated
acceleration.

s/L = A/a <<1 €3)

for ideal simulation of field condi-
tions, the bird containing the fuze
component should be stopped in a
distance equivalent to the length

of the field artillery piece from
which the component is fived. If

the artillery barrel is 10 ft, = should
be approximately 10 ft and from previ-
ous consideration L should be greater
than 500 ft. The available space
limited our gas gun to ar L of 30 ft
which reduced s to about 6 in. and
limits v to /a2 where a is in ft/sec?
and v is in ft/sec. For a maximum a
of 10,000 g (320,000 ft/sec?), v is
less thar 600 ft/sec, which is easily
attainable in gas gums.

The bore of the gun was chosen
to be 2 in. because this is large enough
to accommodate many fuzing components
yet small enough to aliow for an easily
constructe” rotating catch tube.

The original gun had a barrel
constructed from two buttwelded steel
tubes with 1/4 in. walls., This was
replaced in 1969 with a honed stainless
steel barrel. The driver is a converted
3.2ft3 air storage tank. The bird
is generally a right circular cylinder
4 in. long and weighs between 1 and
2 1b. The bird is inserted into the
end of the gun up to a pin that pro-
trudes into the tube. A mylar dia-
phragm is placed over the muzzle of
the gun, and the barrel is evacuated.
The bird, diaphragm, and pin are sealed
with O-rings. The gun can be fired
in either of two ways. The pin may
be pulled without attaching the driver
to the gun. In this case the 14.7
psi atmospheric air pressure propels
the bird. Furthermore, there is effec-
tively no pressure difference across
the bird as it leaves the gun which,
as will be seen, is a distinct advan-
tage. The second method involves at-
taching the driver to the barrel,
evacuating this tank through ar auxil-
iary vacuum system, pressurizing it
with the proper amount of helium gas,
and then pulling the pin. Helium is
used because its light molecular weight
makes it more efficient than air and
it is safer than the most efficient
gas, hydrogen. Although there has




been no need and therefore no effort
to obtain velocities higher than 600
ft/sec, a velocity of 2500 ft/sec
with a 1-1b bird is a conservative
upper limit for the gun.

The construction features of
the gun that are most important so
far as ease of operation and assurance
of performance are embodied in three
assemblies (1) the breech and release
mecharism, (23 the gun barrel and
(3) the muzzle ‘diaphragm and vacuum
section).

fhe breech section is an extension
of the gun barrel containing a release
pin and various vacuum seals. The
bird is loaded into the breech simply
by inserting it into the (effective)
=nd of the gun. Since §9% of the
shots fired do not use the driver
tank, this is all that is required
to "lo2d"” the gun. After the gun
has been evacuated, an electrically
controlled pneumatic cylinder withdraws
the 0.5-in. djameter steel release
pin, which fires the bird.

The driver tank is used simply
by rolling it forward and attaching
it with fast-acting clamps. This
speed of operation is important in
certain extreme temperature and telem-
etry testing and will be further dis-
cussed.

The gun barrel bore was trepanned
from two 17-ft stainless steel bars
that were subsequently turned down
to 4-in. 0.D. The bore of each section
was then honed to 2.013 in. over its
entire length. This type of fabrica-
tion was used to maintain dimensions
over the extended lengths, and the
heavy wall prevents kinking and allows
the gun to be aligned over its entire
length (using optical techniques)
to a few thousarndths of an inch. The
ends of the section were machined
to mate with each other and the breech
and muzzle section resulting in a
gun about 33 ft long.

The vacuum section (Fig. 1) is
located at the muzzle end of the gun
and contains an oversized inside diam-
eter for about one inch from the gun
exit. The purpose of this "reservoir”
is to provide a volume for ary gas
(that may either be in the gun prior

to firing or may blow by the projectile)

to fill without undue buildup of pres-
sure. This is done to get maximum
performance of the gun. The vacuum
system attaches to the gun at this
section.

The 0.001-in. mylar diaphraga
material is obtained on 200 ft roils,
4 in. wide, 1t is pulled down from
a reel across the muzzle of the gun
and is clamped to the vacuum section
by a door and a latch.

SPINNER

For proper simulation the spinner
(spin-catcher) must rotate the bird
about its loagitudinal axis, and there-
fore the bird must be a reasonably
close fit to the borc of the tube.

For this reason a 3-ft section of

the same steel tubing used for the

gun barrel was chosen for the first
tube. The outside of the tube was
then machined to be concentric with
the inside, a ball bearing was mounted
at each end, and a sheave as provided
for a single v-belt.

This assembly was then mounted
{by the bearings) on a heavy steel
platform, and a variabie speed motor
was provided to impart a drive for
ths tube. The complete spin-catcher
was installed about 14 in. from the
muzzle of the gas gun. Aligning was
accomplished with a specially machined
tube that fit closely within the gun
and spin-catcher tube. Th2 current
spin-catch tube is considerably more
complex than this tube but only in
detail.

Tir. 1. Muzzle of gun.
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The two major considerations
for the location of the spin-catcher
were that the device be close enough
tv the muzzle so that the bird would
enter without hitting the tube wall,
yvet far enough so that the driver
gas is adequately vented and does
not continue to push the bird within
the spin-catch tube. A set of curves
showing the drop distance due to grav-
ity us a function of horizontal free
travel distance and horizontal veloc-
ity [1] revealed that for an arbitrary
minimum velocity of 200 ft/sec, there
would be a drop of 9.005 in. in
a distance of 1 ft.

THE METHOD OF STOPPING (MITIGATED-
MOMENTUM EXCHANCE)

The conventional HDL air gun tech-
nique of stopping the projectile uses
lead hlocks stacked in a massive steel
chamber rigidly attached to a concrete
floor. This brute-force method is
of no use in the spin-catcher. If
the catch tube is filled with lead
and sealed so that the lead cannot
come out the far end, the entire momen-
tum impulse will have to be borne
by the bearings. Such thrust forces
would be intolerable. Rather than
build th.ust bearings into the device
(which might be of doubtful utility
for high impulses and would undoubt-
edly decrease the upper rotational
limit of the tube) it was decided to
use 2 momentum transfer system.

1f an elastic impact occurs between
two identical masses in which initially
one mass is moving and the other is
at rest, the result is that the moving
mass stops while the other mass leaves
with the initial velocity. (Such an
impact is often demonstrated on the
billiard table.) There is no expecta-
tion that at gas-gun velocities, we
will have elastic impacts, but by the
proper choice of masses and degrees
of inelasticity, the bird can always
be brought to rest within the spin-
catcher while transferring its momentum
to a mass that is ejected and eventually
stopped by lead blocks.

To catch the bird in these inelas-
tic impacts, it is n:cessary to devise
an effective way to absorb the energy
not carried off by the momentum exchange
mass, or "mem"”, and to produce the
simulated acceleration. Currently,
we use either a column of plywood
blocks or other mitigators [10,11]
as an intermediary between the bird
and the mem with very effective results.
About 3300 birds have been caught
successfully.,

After the bird is caught, it
is held by friction only within the
spin-catcher. Therefore, if the driver
gas does not readily expand and dissi-
pate between the muzzle and the spin-
catcher, it will blow the bird thrcugh
the tube. This explains the desirabili-
ty of keeping as low a pressure as
possible within the gun. 1f the range
of velocities is to extend upward
so that gas at higher pressures is
used, the spin-catcher will undoubtedly
havelto be moved further from the
m:zzle,

THE READOUT SYSTEM

To demonstrate the feasibility
of the spin-catch method, the first
100 shots were made in a catcher with
no readout capabiiity. A simple read-
out system was then designed to extend
the system development. This required
construction of a second spin-catcher
and modification of the bird. The
idea behind the readout is to split
the spin-catch tube longitudinally
into two or more sections, each insula-
ted electrically from the other and
each connected to its own slip ring
(Fig. 2) and external brush assemblies.

The bird (Fig. 3) is insulated
to preclude its forming any electrical
path between sections and carries
on it the same number of contacts
as there are segments in the catcher.
These contacts are allowed limited
outward motion and are activated by
centrifugal, spring or setback forces.

As soon as the bird enters the
spin-catcher and starts rotating or
decelerating, the contacts move outward
radially, each contacting a single
section. If the bird does not achieve
the tube's angular velocity immediately,
there is relative motion across the
sections so that each channel of inform-
ation is retarded one step for each
section traversed. The main advan-
tage of such a design is that it is
insensitive to the longitudinal location
of the bird, assuring readout as long
as the bird is caught.

The present readout spinner
(Fig. 4} 1s constructed of four stain-
less steel readout sections assembled
with bakelite insulators. The readout
section length is 32-in. and the over-
all length is 40-in. The slip rings
are coin silver, and three carbon
brushes are mounted in parallel on
each slip ring. Conventional ball
bearings that are oil-mist lubricated
are used. The spinner is honed to
2.013 in 1.D.




SEGMENTS SLIP RING INSULATION

Fig. 2. Readout section diagrarm.

Fig. 4. Spinner.
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The top test speed used with
this spinner is 130 rps. Above this
speed, flexing causes considerable -
runout of the middle of the tube and -
excessive vibration., Although the
tube has been dynamically balanced,
the construction features do not allow
sufficient rigidity for balance to
be maintained. The dangers in using
the equipment are the noise generated
on firing, and the spinning mem which
at higher spinner speeds sometimes
ricochets out of its catch box. For
this reason the spinner, muzzle of
the gun, and mem catch box are in
a reinforced concrete room.

F1RING PROCEDURES

The actual firing procedure is
as follows. The test conditions,
"G", spin and impact velocity are
established. This determines the type
of mitigator and mem. These are posi-
tioned within the spinner close to
the bird entrance. New diaphragm
material is placed in the diaphragm
section, the bird is inserted into
the breech, the valve connecting the
vacuum system to the gun is opened,
(if the driver tank is to be used
it is attached, evacuated and pressur-
ized) the spinner is turned on and
the release pin is withdrawn. The
spinner is run for as long as necessary
following impact. From the time the
bird is inserted into the breech until
it is fired is about one minute. For
temperature conditioned birds, this
time is decreased by inserting a
separate nose piece into the breech
and then attaching the remainder of
the bird after the gun barrel is evac-
uated. After the shot the spinner
is stopped and the bird and mitigator
are pushed out of the spinner. The
data recorded includes all masses,
bird and mem velocity and mitigator
type and change in length.

GAS GUN PERFORMANCE

We define a perfect gun as one
in which the acceleration is constant,
since this would be the gun with the
lowest peak acceleration for any given
length gun and muzzle velocity. Looked
at in a slightly different way, this
is the shortest gun possible for a
given peak acceleration’/and muzzle
velocity. 1n the design of a facility,
the length of the gun needed is an
important consideration in cost as
well as space. Therefore, we define
the efficiency of the gun, R, to be
equal to the ratio of actual muzzle
velocity to ideal velocity, i.e. veloc-
ity attained in a perfect gun. Reference
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i, Appendix B contains predictions

of gas-gun velocities and bounds for

the theoretical efficiency. The
efficiency is a function of dimension- -
less velocity u » v/c (where c is

the sound speed of the gas used in

the gun) and the specific heat ratio, ¥.

A constant diameter gun [12]}
is one in which the gun diameter is
maintained both upstream and downstream
of the bird for e¢ffectively infinite
lengths. The theoretical properties
of such guns are expressible in closed
form and therefore provide insight
and a basis for qualitative decisions.
Oversized reservoir guns {13-16] are
somewhat more efficient. ldeally,
the maximum values of u would be 3
and 5 for ¥'s of 5/3 and 7/5. Practi-
caliy, however, the efficiency R is
down to 0.1 at u's of 1.5 and 1.9.
This implies that a gun at least 10
times longer or with 10 times the
acceleration of the ideal gun would
be needed to achieve these velocities.
It therefore appears most attractive
to concentrate on guns with as small
a value of u as possible and impose
a practical limit on u of about 1.

An infinite chambrage gun {[14,16]}
is one in which the diameter of the
gun in the pressure chamber is very
large compared with the barrel diameter.
Our guns when evacuatec and driven
by room air would be considered infi-
nite chambrage. When the tank is
used the chambrage is about 6. The
constant diameter gun has a chambrage
of unity.

Two assumptions implicit in the
derivation of the performance of the
guns are that friction does not slow
the bird nor does any gas blow by
the bird. In our initial tests one
or two O-rings were used on the projec-
tile to serve as a vacuum seal and
to minimize blowby. The velocity
when two O-rings were used indicated
lower efficiency than expected while
one O-ring results were only slightly
more efficient. Furthermore, the veloc-
ity changed with the type of O-ring
used as well as with the different
O-rings of the same lot. For this
reason the O-ring was transferred
from the bird to the gun, and the
bird and gun diameters were critically
controlled to reduce blowby. Results
with this system with an air driver
gas, infinite chambrage, and a honed
barrel yield efficiencies within 2%
of theoretical up to velocities of
350 ft/sec [17].
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Fig. 5. Plywood and aluminum horeycomb mitigators before and after impact.

SPIN CATCHER PERFORMANCE

The first spin-catcher with read-
out had two segments and performed
well . It was used in over 2000 tests
with no apparent deterioration of
bearings or brushes. This is even
more noteworthy since several bad
impacts occurred immediately after
changing over to this catcher. Bad
impacts may occur for a number of
reasons. The most drmaging is caused
by a misalignment between gun and
catcher. Unless alignment is adjusted
periodically a bird or the catcher
can be considerably deformed by the
impact. Reasonable caution avoids
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this. However, a more usual cause

of improper bird entry to the spinner
can be traced to a slight rotation

of the bird which is caused by asym-
metric diaphragm failure. This type
of defect is minimi:ed if the bird

is long enough so that its trailing
edge is still guided by the gun barrel
during diaphragm penetration. However
we still have some engagement of the
leading edge with the spinner wall
even with considerable care. For this
reason 2 conical teflon entrance piece
is used as a guide at the adit to the
spinner.
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STOPPIAG W IHNISY PLEFDRMANCE,
AND ARGUEAR Ao e LERATION

LIXNEAKR

ik> stopping sechaniss has per-
torwed very satisractorily in that
very littie data have bteen lost due
to the bhird bouncing back out or going
thrvough the catcher. However, how -
xel! e arc simulatiag artillery firing
requires investigation of the linecar

. and angular accelerations.

A analysis of linear momentum -
and energy conseérvation equations
applied %o this impact protlem {I]
led to the conclucion that the plywood
impacts could be considered compietely
inelastic. This leads to the conclu-
sion that the bird velocity never
goes to.zero and we canhot stop it.
Actual experience has -shown however
that to bring the bivd to rest a2 mem
of about six times the mass of the
bird is required for wood impacts.
and ten times the mass of the bird .
is required for aluminum -honevcorb
1>tandard or tabular type). Figure
5 shows wood and honeycomb mitigators
before and after impast.

 Conservation ¢quations reveal .
that for am impact in which the bird
i< brought to rest

Ey/Ey =1 - (/M) (4)

where E; is the energy absorbed durlng
impact
is the gavimm energy that
could be absorbed
m is the bird mass
M is ths ﬁxtxgator and mem' RASS
combined

flowever (from [1})
Ej/Ey = 1 - e (53
- € = m/M (6)

where ¢ is the coefficient cf restitu-
tioa for the impact.

Therefore we have emp:rically determined
the coefficients of restitution and
fractional cnergy loss to e 1/6 and

.97 for wood impacts and 1/10 and

.99 for honevcomb impacts.

The fact that Ef/Ey of .97 is
less than the values measured previous-
Iy ({1]p 36) is attributed to the
fact that the measured mem velocity
in these experiments is too low. This
is because the mem has been decelerated
kv friction while traveling through
the spinner before the mem velocity
is measured,

CORAELATION WITH FIELD TESTS

‘In the field the higher &’s

The actual deceleratiom profile
experienced by the bird hss not as
yet been measured in these eoxperiments,
hnwever, techniques are being developed
te: do this (See INSTRUMENTATION Sec-
tion). Valws calculated frog impac:
velocity, masses, and crush of the
mitigator {1,}1} ’have been the primary’
data output. For leveis up to 5000
G, there is a stromg correlation between
sx-ulator results and field resiilts
on certain fuzé components. There
is insufficient dats at higher G levels
to know if the correlation still exists.
are accompa-
nied by spin vates currently uaobtain-

- able in our eqaipment. Most testing

in our- equipment is at the lower accel-
erations

One case in poilt isrthe,PSIIS
wer supply, a fuze device activated
g; simuitaneous linear and angular

-accelerations and prolonged spin.

The entire power supply or its ‘spule
{the coatainer that stores the electro-
lyte) has heen tested in its vprious
foras in 8. shots in the simulator
siuce its development began in late
1965.. It has also been alternately
tested about 530 times in the 4.2°
mortar, 90 times in the 155 howitzer
and about 50 times in-each of the °
75, 105 and 175 howitzérs. Whenever
the field Cofiditions were -comparable
to simulator test conditions, the

_xesults weére re-artably‘si-ilar.

The cost .of the $17 si-nlator
‘readout

" shots many of which -included:

in excess of S mimites. :;o 1ess than
$10,000 (xbout $10.per t)-

cost of the equivalent fxeld tests
cannot be estimated because some of

the simulator tests are not achievable
in the ficld. This is discussed further
in the ADVANTAGES Section.

Cuatside of the correlation
between field and simulator data for

. the power supply discussed in the
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previous secticn, quantitive angular
acceleration reasurements are only

now being made. The results to date
are fragmentary and will be the subject
of a future report. However, the
proposed measurement techniques are
described in the INSTRUMENTATION
Section.

HARD-WIRE READOUT PERFORMANCE

Tests run on th2 spinmer which
invclve readout have involved fuze
power supplies of various types.
Generally these tests have been at
about 50 rps and good low-noise
traces have beer recorded. Figure 6
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is a'typic:l veadout :fiantgzpe;inental
power supply. Trace A is signal
channel; trace B, the noise channel.
The calibratioas for this shot are
10 volts per sejor division for the
A trace and 0.2 volts per major divi-
sion for the B trace. The time base
is 2 seconds ger major division. .
A zeto-time signal sppears on traces
A and B as the bird enters the spinner.
The power sispply is automaticallv
electrically loided after 6 seconds
and unloaded after 10 seconds. This
appears us-a slight drop in voltage’
on trace A and as spikes on trace
‘B;. ‘n‘;%s test was a,: 44 rps and 1860

. e power supply temperature
ua:_lts‘rf T::rz is some expected
noise generat uring power supply
activation and msy be ignored. The
noise signal contains Dowver supply
noise as well as brush noise from

- the spinner. The total noise amplitude
s less than 40 miliivolts which is

icceptable .regardless of the cause.
The brush noise does increase with

spin rate and is sometimes objectionable
at spins over 100 rps. Because-we

“want to extend Gur spin rate to over

300 rps and also because gosd comtact
betwoen thke bird and spinner is not
established .ntil about 5-30 millisec

 after impact, a hardened. telemetry
-;ygtéi'hds'been developed for readout.

TELEMETRY

The 240-MHz telemeter [18] utilizes
three information chamnels, IRIG A,
C, and E. An exploded view of the
telemeter projectile {Fig. 7) shows
the linen base plienclic projectile,
an aluminum radiation shield, trans-
mitter, 8 signal processor, and mickel-
cadmiun power supply. The prime purpose
of ‘itkis unit was to investigate power
supply performance during its activation
phase, Under certzin conditions this =
critical phase may preécede the estab-
lishment of good comtact for hard
wire readout. The second importaut
consideration is that the brush noise
problem is circumvented. . ~

The telemeter is turned onm just
before firing. Since the projectile
"for vacuum firing™ protrudes from
the breech a dipole antenna at the
breech ailows the receiver to be tuned
to the broadcast frequency. A second- -
antenna in parallel with the breech
antenna is wound in a helix around
the spinner. (See Fig 4) The trans-
mitter whick has been used in about
30 shots has remained locked to the
receiver during every. test.

_ INSTRUMENTATION

Outside of vacuum and pressure
measurements which are made in 2

TRACE B l
ZERO-TIME MARK

TRACE A l

H
1

Fig. 6. Power supply readout.

Trace A is the signal channel

(10 volts per major division). Trace B is the noise

channel (0.2 volts per major division).

axis is 2 seconds per

The time
major division.
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routine way, [Me<t measuvrcments concern-
ing the dvnamics of the bird have

led to Jdirficuitics which in sose

cases are still unresolved.

Bird Impact Velocity Measurements

The impact velocity is computed
from a time of flight measurement
a2ade by optical detectors spaced twelve
inches apart in the free flight region
between the gun exit and spinner adit.

~ swnce the calculated acceleration

depends upon the sqiare of this measure-
neat {11, it is important that it

be accurately measured. However the
bird on occasion would rip out a piece
of diaphragm which may triggec- one

or both of the photucell circuits
producing measurements that are in
error by as much as + 5% in a system
with better than 1§ expected accuracy.
Therefore many erroneous readings

vere assumed to be proper. It was

not until occasional velocity measure-
ments produced gun efficiencies a

few percent greater than expected

from theory that a clossr look revealed
the problem. All measurements now

aie monitored by oscilloscope in such

a manner as to reveal when the trigger
is improper and how much the time

of flight must be corrected. Bird
velocity measurements now for "vacuum"
operation are reproducible to better
than 11 for any bird and atmospheric
pressure. (On a rainy, low pressure
day, the birds are measurably slower
than on a cle.r, high pressure day.)

Piezoelectric Accelerometer
Measurements

Trailiug wire techniques have
becen used in guns as loang as 100 ft
at the Harry Diamond Laboratories
to make impact acceleration acasure-
ments. It was not until measurements

. were made in short vacuum guns (19,20]

to verify predicted impact results
that discrepancies were again noted.

In these tests the wire is connected
to the accelerometer before, during
and after impact. The first difficulty
that appeared was a random zero shift
of the terminal base line sometimes
positive, sometimes negative, of as
much as 30% of the pulse amplitude
(Fig. 8). This was traced to overload-
ing of the shock amplifier by high
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Fig. 8. Accelerometer signal. Nots
marked zern shift although overload
is not indicated. (250 G/cm., 2500-
G full scale, 4 khz Gaussian low-
pass filter, l-msec./cm.)

-amplitude spikes that did not appear

in the output signal. Although one
manufacturer's literature discusses
this, their overlonading does drive

the signal out of range. One way,

to prevent the zero shift is to operate
the shock amplifier on a much less
sensitive range where there is ro danger
of overloading. 1f the system accuracy
is 1% of full scale, operating on a
scale that is 10 times larger than

the signal to be measured immediately
degrades 1% performance to 10%.

A second difficulty is that if
we believe the accel:ration calibration
(as checked against a standard acceler-
ometer) the integral of the acceleration
pulse consistently produced velocity
changes greater than dctually meas-
ured [20]. However, if we assume that
we should recalibrate our accelerometers
based on velocity change [21], we are
not able to reconcile it with shaker
table calibrations. Matters are even
more at odds if we compare the second
integral of the acceleration pulse
with the bird trav-: distance during
impact. In this case, the discrepancy
is even greater. However, whereas
signal processing, i.e. electronic
low pass filtering will not change
the first integral of a pulse, it may
change the second integral.

Therefore to eliminate electronic
filtering, possible effects of trans-
verse shock excitation, and other
sources of spikes, we have recently
undertaken an investigation of piezo-
electric accelerometers incapsulated
in putty as suggested by NOL [22].
Preliminary results have shown reduced
noise, but whether we have really im-

proved our measurements is yet to be
determined.

Photographic Measurements

A photographic technique using
a high-speed framing camera has been
devised to measnre linear and angular
displacements with time. From these
data, velocity and acceleration can
be computea. In this technique, a
bird (Fig. 9]} specially designed so
that its tail extends sut of the spin-
ner during impact, was photographed.
A high speed straoboscopic unit was
slaved to the camera to freeze the
projectile motion during each frame,
to eliz " nate biur due ‘o projectile
motion. The resulting film was read
on commercial digitizing =quipment,
and the punch card output, processed
by computer. Typical results are
shown ir Figures 10-14. While the
linear and anguler displacement profiles
appear very smooth (Fig. 10,11), first
difference computations yielding veloci-
ties are noisy (Fig. 12,13). The linear
acceleration data (Fig. 14 is noisier
yet, and the angular acceleration data
is too noisy tec plot. The main diffi-
culty is the inability to locate the
lines in the frame accurately and pre-
cisely because of film graininess and
reading-rachine inaccuracies [23].

These data were obtained at about
6000 pps, actually 0.177 msec between
frames. At this film speed, a 0.001-
in. position error equals about 100
G. If the framing rate is slowed, the
data is smoothed appreciably because
the fractional displacemen. errors
are decreased and the time interval
wvhich appears in the denominator in
the differencing equations is increased.
However, this is done at the expense
of time resolutien.

We are still attempting to develop
this technique to reduce the noise,
and we are getting data from it. One
noteworthy item concerns the angular
velocity. The acceleration pulse takes
place between 1 and 4 milliseconds
(Fig. 14). 1If vou examine the angular
velocity curve (Fig. 13), the bird
goes from 0 to 16 rps in this time
and continues to increase, but at a
much lower rate for the duration of
the data. The actual spinuer speed
on this shot was 50 rps. Since angular
momentum must be conserved during impact,
any increase of bird angular velocity
will cause some cecrease of mem angular
velocity. But this does not account
for this great difference in velocities.
Actually the torque generated in the
mitigator (about 100 ft-1k) is suffi-
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Fig. 9. Projectile for photographic measurcments.
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cient to cause it to twist. Note
the twist in the crushed honeycomb
in Fig. 5. Therefore these mitigators
with the highest shear strength will
not only produce the greatest angular
accelerations but will also produce a
a higher angular velocity during impact,
The rate at which the bird achieves .o
the velocity of the spinner after 925
impact depends on friction and clear- -3
ance. Generally (although not on
this shot), steel pins are attached >
to the bird nose. These pins dig ]
into the mitigator which then remains ZS,
attached to the bird. Since the crushed =
mitigator is a tight fit in the spinner b=
this secondary spin acceleration is 3
increased. S
wity
(S ]
Optical Angular Displacement o
Transducer =
o
A new optical device being devel- e
oped for angular displacement (velocity,
acceleration) measurements operates 8
as folluws (Fig. 15): A small retro- s
reflector is fitted to the rear of ‘0,00 200 .00 10.00

4.00 8.00
the projectile. The retroreflector TIME (MS)
contains two lenses and a reticle.

The reticle pattern consists of 24

alternate transparent and reflecting

sectors. When collimated light enters

the retroreflector, a focused spot . . X .
of light is formed on the reticle. Fig. 14. Linear acceleration profile.
Light is returned only when the focused

spot falls on a reflecting sector.

Thus, the return beam is amplitude-
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SENSOR BOX

modulated at a frequency directly
proportional to the spin rate of the
projectile.

The collimated light is formed
by u small incandescent lamp and a
lens. These components are mounted
in the sensor hox along with a beam
splitter, photodiode, and a transistor
amplifier. The sensor hox is mounted
to ons side of the gun muzzle, and
the ccilimated beam illuminates the
projectile as it enters the spin-
catcher. The modulated return beam
is collected by the sensor box lens.
A portion of this light is diverted
to the photodiode by the beamsplitter.
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ptical angulaw-deflection measuring system.

The amplified output is displayed on

a Taster-type oscilloscope together
with appropriate timing marks to obtain
accurate time measurements (Fig. 16).
The timing marks are 100-psec apart
with every tenth timing mark accentu-
ated. During this test the retroreflec-
tor was mounted on the shaft of a 30-
rps motor. One revolution of the
motor shaft corresponds to 24 signal
pulses.

If this technique should prove
useful, its use can be extended to
the field. 1f the retroflector (Fig.
17) (1-cm diameter by 2.3-cm long)
is mounted on the nose of a projectile,
readout of angular position data can
be directly related to linear position
data (if there is no rifling slip)
Therefore, the device can be used as
an accelerometer for artillery weapons.

TABLE-TOP TESTERS

One method of increasing the safety
of a fuze component is to have it
activate only when influenced by multi-
ple environments. The three predictable
environments which produce the greatest
force in artillery field fuzes are
linear, angular, and centrifugal accel-
erutions. New fuze components which
require two or three of these environ-
ments were sometimes difficult to test
and often required artificial modifi-
cation to determine if a production
run was acceptable. For this reason,
the Artillery Simulator techniques
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were applied to "miniature” testers

to determine i a table top tester
(Fig. 18) capable of velocities of

1060 ft/sec could reproduce that portion
of the environment necessary for deter
mining activation levels and/or perfor-
mance of fuze components.

Two fully automated testers were
developed for use with components
for a particular fuze [3,4); however,
their utility extends to other com-
ponents as well. One of the testers
is for testing safety-and-arming
nechanisas and requires acceleration,
impact velocity, and spin rate control
to determine sensitivity. The mitigator
used is aluminum honeycomb, which
we have found to be very uniform,
and it lends itself to a simple acceler-
ation calibration procedure [20}.
In operation this cevice takes about
20 seconds for a shot, and up to four
temperature-conditioned units can
be tested per shot. Test rates in
excess of 400 per hour are readily
achievable. The operating cost of
the unit outside of operator cost
is mainly the cost of the honeycomb.
All the operator is required to do
is remove the used honeycomb and bird,
insert new honeycomb, change the dia-
phragm, insert a new bird, and press
a button.

The second class of tester is

for power supply performance. It was
desired to provide sufficient signature
to activate the device. Absolute
control was not necessary since the
rain concern was with the electrical
cnaracteristics of the power supply
after activation. This tester required
hard-wire readout and the rarning

time is determined by tke life of

the power supply, which often exceeds
two minutes. Therefore test rates

are about 25 units per hour. However,
the cost of the honreycomb as well

as the inconvenience of having to

use a rew piece each shot has been
ciiminated by the development of a
hydraulic reusable mitigator mem com-
bina“ion (Fig. 19). The device which
is akin to a dashpot or shock absorber
is unique ir that by varying the den-
sity of the oil used or the contour

of one piece, acceleration amplitude
and profile can be controlled [24].
Aside from the operator, who no longer
has to worry ahout honeycomb, the

main cost of the operation of the
power supply tester is for diaphragm
material. Both types of testers have
automatic pumpdown, spinner contrcl,
firing, mem reloading, and projectile
ejection,

ADVANTAGES OF THE ARTILLERY SIMULATOR
TECHNIQUE

¥e realize that we cannot hope

Fig. 17. Fetrorefleetor $ov anrula
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Table-top tester for power supplies.
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for use in table-~top tester.
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to reproduce artillery weapon firing.
We can do things for the fuze designer,
however, which in some cases are equiv-
alent or superior.

As evidenced by correlation with
field tests, we can control our accel-
eration amplitude up to 5000 G quite
well. Our duration is limited so
that its product with the acceleration
yields a velocity of less than £00
ft/sec. This coupled with spin up
to 130 rps allows excellent simulatior
of the 4.2 spin mortar and some of
the howitzers when fired at low charge.
Most of our testing concerns fuzes
that must perform under these "minimum"
conditions, which we can effectively
reproduce.

We can monitor (when required)
three separate channels of information
via hard wire within 30 millisec after
impact or via telemetry before, during,
and after impact. We can reuse our
telemetry unit over and over again.

We can test components within
minutes after they are removed from
their temperature bath.

Recovery is 100% and immediate.

This is esgecially important when
devices malfunction. For example
if a power supply gives reduced output,
the test is terminated, and an immedi-
ate nost mortem is performed. The
cause of the failure which is usually
chemical in nature can be observed.
By the time the shell is recovered
in a field test the chemistry will
have gone to completion, i.e., all
possible reactions would have taken

lace and the reason for failure would
e obscured.

We have only one high acceleration
pulse. To examine fuzes after firing
in a field test, some recovery method
must be utilized to recover the fuze
for inspection. The two most common
methods, vertical recovery and para-
chute recovery, both involve second
acceleration pulses. The round impacts
the ground in vertical recovery and
the fuze is blown out of the round
in parachute recovery. These secondary
accelerations may lead to damage or
reactions which may mask the reason
recovery was required. Since we have
only one sizeable acceleration, no
such confusion is possible in the
simulator tests.

The simulator has a low operating
cost, simplicity, and speed of opera-
tion. The cost associated with equip-
ment use is from $1 to $15 per shot

1

depending upon the nature of the instru-
mentation required. Because the equip-
ment is very simple and safe to opera‘e,
any fuze engineer who will be using

the equipment, and so desires, is
instructed in the operation so that

he can run his own tests. This allows
us more effective utilization of per-
sonnel since the fuze engineer usually
is an observer anyway. Setup time

is usually about 15 minutes but will

be significantly less if many shots

of the same type are made. Cost of
field tests when recovery and telemetry
are invclved are many times as high.

We have no scheduling problems.
Because of the rapidity at which tests
can be performed we have never had
waiting lines. We are not at the
mercy of the weather, and we keep
a large supply of mitigator materials
to accommodate our users.

The table-top tester provides
limited but often useful simulation.
For a modest investment of funds,
depending upen the instrumentation
required, 2 table-top tester can be
built that is very simple to operate
and can be placed anywhere in a labo-
ratory where 3 x 10 feet of space
is available.

AREAS FOR FURTHER DEVELOPMENT

While we have had considerable
success with our present facility,
we are aware of several deficiencies.
Some can be corrected by engineering
redesign, and others require considera-
ble investigation.

1. Larger Bore Gun

Most fuzes are somewhat over
two inches in diameter, some as much
as five inches, therefore a larger
bore facility would add conmsiderably
to the utility of the device.

2. High Speed Spinner

The present spinner attains
speeds over 120 rps but this is only
one third the spin needed to test
fuzes at the extreme artillery environ-
ment. Increased bore size complicates
this problem since the bearings must
be larger than the bore. Another problem
is the effect of the mitigator, mem,
and bird on the dynamic balance of
the spinner. This entire problem
is currently being investigated, and
hopefully will result first in a table
top tester capable of 360 rps, and,
subsequently, in a larger version
for the simulator.




3. Extension to Howitier
tnvironments
To extend the facility to
larger weapon enviranmeants we must
redesign our spin-catcher to a size
that is somewhat larger than the barvel
.of the weapon we want to simulate and
we must provide impact velocities com-
pavable to the weapon muzzle velocity.
Combined with the requirement that the
gas 2un acceleration must be small com-
pared with impact deceleration leads to
-the conclusion that a much larger in-
stallation is required. Bcecause in.
gas guns velocity efficiency decreases
with velocity, we must increase the
length even further. Therefore, for
- an ability to fire birds at 1500 ft/sec
at moderately lox acceclerations (200 G

driver, will be required (From [1}
Fig. 14). An air-driven gum would be
500 ft long. The ideal gun need only
be 175 ft. Such an installation is
_ impractical at our ¥ashingten, D. C.
. Laboratories and a suburban location
would have to be used.

4, Better Simulation Profiles

As our instrumentation tech-
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DISCUSSION

Mr, Herzg; aﬂmﬁu Ordnaneel: What was
the amplitude sc r for acceleration time-
history pints that you presented,

k: It was tun, Our :omputer
plotter gives figures and then multiplies by ten,
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Mr, Herzing: So it was 5600 g's?

Mr, Curchack: It was roughly 5600 g's peak at
the end, We have tested as high as 15,000 g's with
spin, Without spin we have gone up to 40,000 g's
hut we do not use a spin catcher, we use an open
impact device,
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GAS SPRIXG FIRING AND THE SOFT RECOVERY OF A
HARD-WIRE INSTRUMENTED 155 -3l PRGOS EC'I'!E.,E"t

S. L. Fluent
Heat, Plasma, Climalic, Towers Division,
Sandia Laboratories, Albuqueryue, New Mexico

testing 18 also presented.

This paper discusses a tecknique used in testing hard-wire instrumented
155 mm projectiles. An 18-inch pneumatic actuator was used as the
energy source while a gas spring was used to transmil the energy to the
proje~tile and shape the longitudinal acceleration pulse. The projeciile
was uccelerated through a short sectior: of rifled gun barrel to produce
angular acceleration simultaneously with the longitudinal accculeration.
The proje-tile was stopped i:. a tapered recovery tube which was free to
slide on a set of rails. This solt recovery system prevented further
damage from occurring to the components inside the projectile uiter che
iniuial acceleration pulse. A discussion on field testing versus gas spring

INTRODUCTION

In the past there has generally been but
one way to test 155 mm shell components in
an environment of combined longitudinal and
angular acceleration, This method has been
to actually fire a projectile containing the
components in a 155 mm gun. The actual
firing has given the best test to the compo-
uents as far as the environment is concernzd,
but there have been some drawbacks. First,
full -scale field testing has generally been
quite expensive. Second, uniil the recent
development of the parachute recovery system,
it has always been questionable whether or
net the projectile would be recovered to permit
inspection of any damage that might have oc-
curred, If it was recovered, it was difficult
to deiermine whether firing or impact caused
the damage. Another drawback has been
projectile instrumentation. Although there
have been attempts to use hard-wire instru-
mentation of a projectile during firing most
attempts failed while others were only partial-
ly successful. P. S. Hughes and
L. A. Vagnoni [1] at the Naval Ordnance
Laboratory at Silver Spring, Maryland,

developed a method to monitor ihe leading
edge of the acceleration pulse associated wiih
a 5-inch projectile. Telemetry ziso has
dolfered a possible way of obtaining instru:nen-
tation data from the projectile. In spite of
formidable difficulties, data has been suc-
c..ssfully rransmitied out the gun barrel during
firing. Alost of the data gathered in wnis
mauner kas had the problems of high frequen-
¢y response limirations.

Because of the foregoing problems,
Sandia f.abcratories built a facility that would
simulate the effects of a portion of the ac-
celeration conditions associated with a 155
mm gun firing; namely, the setback accelera-
tion which inciuded both the longitudinal and
angular acceleration but not the radial ac-
celeration. No attempt was made to simulate
the effects of radial acceleration with the
setback conditions because in an actual gun
firing the maximum longitudinal acceleration
and the maximum radial acceleration do not
occur simultaneousl:'. Hard-wire instrumen-
tation with high frequency response and a
soft recovery of the projectile were two capa=-
bilities that were designed into the facility.

%
This work was supported by the United States Atomic Energy Commission.
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FACILITY DESIGN

Iz was determined at the outset tiat simu-
lation of th~ setback acceleration would re-
quire a large amount of energy. To bypass
the expense, lime, and effort of building a
completely new facility, it was decided to
mudify an existing one. The one chosen was
an 18-inch pneumatic actuator which would
deliver approximately a half million {oot-
pounds of erergy.

The 18-inch actuaior was capable of gener-
ating velocily changes up to 300 feet per
sccond, but the corresponding accelerations
were low in comparison o the settack accel-
eration of the 155 mm projectile. Previous
work [2], however, showed that with the
addition of a gae spring to the actuator higher
velocity vhanges with very high acceleritions
could be achieved. A diagram of the gas
spring assembly is shown in Fig. 1. To pro-
vide a column of gas to be used as the spring,

1§ M ATANR
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GAS SPRING .m ST PROSECTAE
eSS YOl o

Fig. 1 - Gas Spring

a high-strength steel pressure tube was fitted
with a piston at one end and a short gection of
rifled gun barrel with a projectile pressed

into it at the other end. This left a column of
gas in 'he middle which could be initially pres-
surize { to provide various spring characteris-
tics. The rifled section served two purposes.
The riain purpose was to provide the projec-
tile v ith the angular acceleration associated
with the longitudina! acceleration in an actual
gun {iring. The second purpose was to lock
the prejectile in place until the high pressure
was built up in the gas behind it. A hydraulic
pr.28s was used to pre-engage the projectile so
that friction alone was enough to hold the pro-
J:ctile in place.

In this application the thrust column of the
18-inch actuator was used to accelerate the
piston in the gas spring to a predetermined
velocity. As the piston jeft the thrust column
and moved down the tube, it comp-essed the
column of gas ahead of it until the pressure
was built up sufficiently to overcome the
friction and to accelerate the projectile
through the rifled section. !Upon leaving the
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rilied section, the projectile entered a free

" mwoving, tapered recovery tube and, by means

of a2 mometum, ¢xchange using a wedging
action, slowly came to rest. Because of the
sriected mass ratio between the piston and

the projeciile, the pistoa continued out of the
gas spring tube with a low velocity and either
fell to the floor or entered the recovery tube
and stopped some dixtance from the projectile.

GAS SPRING DESCRIPTION

The tube used for the gag spring was 8-
feet long with an outside diameter of 10 inches
and an inside diameter of 6 inches. The high-
strength sieel tube was machined on one end

- to accept an 8-inch length of 155 mm gun

barrel that had been machined to an outside
diameter of 8 inches. A retainer; bolted to
the end of the gas sprirg tube, was used to
hold the rifled section in place.

Fig. 2 shows the rifled section and its
retainer. A series of steel pistons of differ-
ent weights, shown also in Fig. 2, was used
in conjunction with various piston velocities

PISTCRS.

Fig. 2 - Gas Spring Hardware

and initial gas spring pressures to vary the
shock pulse characteristics. The mathemati-
cal expressions relating the different setup
and control parameters have been developed
in the Appendix. The three pistons shown
weighed 100 pounds, 150 pounds, and 200
pounds. Euch piston was fitted with O-ring
seals to contain the pressure built up ahead of
it in the gas spring as the piston moved down
the tube. A set of four runners was also
fastened to the gas spring tube so that it

could be positioned on the existing rail sys-
tem in front of the thrust column of the 18-
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inch actuator and still be inoved vasily. An
overall view of the test setup ig shown in

Fig. 3.

Fig. 3 - Overall View of Test Sefup

PRQUECTILE DESCRIPTION

The projectile used for each test was an
empty 155 mm illuminating round as shown in
Fig. 4. The base plate was machir.ed so that
it could be fastened to the wall of the projec-
tile with bolts, and the ogive portion of the
shell was cut off to allow for hard-wire instru-
mentation. The rotating band of the projectile
was also prescored by pressing the shell into
ti.ir short rifled section until the band was fully
engaged. The inside cavity of the projectile
was used for mounting the components to be
tested. The components could be mounted in
one of three ways--to the base of the projec-
tile, to the wall of the projectile, or encased
in some type of potting material that filled the
entire cavity of the projectile. It was found
that some types of potting materials generated
a voltage when exposed to the acceleration
shock which could cause zero shift to occur in
the recording electronics. (This phenomenon
is known as the triboelectric effect.) As a
result, this method received minimal use.
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Fig. 4 - 155 mm Projectiles

Fig. 5 shows a typical projectile reasy to
be tested. The weights of the projectiles
varied considerably, bui most weighed petween
30 and 75 pounds.

RS SERING

Fig. 5 - Test Projectile

RECOVERY TUBE DESCRIPTION

A method of recovery was designed such
that when the prcjectile was fired from ihe gas
spring, it was decelerated and recovered with
no further damage to the components veing
tested, The method used was a momentum:
exchange technique, The tube shown in Fig. 6
was used to slow the projectile down. It was
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Fig. 6 - Recovery Tube

made from a 10-foot length of stock steel
tubing with an inside diameter of 6.25 inches
and an outside diameter of 7. 50 inches., A
half-inch slot was cut in the tube for a distance
of 8 feet so that when it was clamped together
again it formed a tapered tute. A set of run-
ners was also fastened to this tube to allow it
to slide freeiy on the rail system when the pro-
jectile was fired into it, The momentum of the
projectile was transferred to the recovery

tube through the wedging action in the tapered
portion of the tube. Various combinations of
iead and steel shims under the clamps provided
a gradually increasing stopping force to the
projectile as it moved farther into the tapered
portion of the recovery tube., Because of the
selected mass ratio between the recovery tube
and the projecti;e, the tube acquired only a low
velocity from the momentum of the projectile
and was allowed to slide along the rails until it
was finally stopped by the friction force be-
tween the runners and the rails. The maximum
faired deceleration experienced by the projec-
tile while siopping was measured at less than

5 percent of the maximum faired acceleration
during the initial part of the test,

HARD-WIRE INSTRUMENTATION

One of the capabilities designed into the
facility was to provide hard-wire instrumenta-
tion on the test projectile. The instrumenta-
tion cables were brought out the nose of the
projectile and suspended so that the projectile
would gather the wires as it was accelerated.

Data has been obtained for times {rom 4
mijliseconds to as long as 500 miliiseconds,
depending on the requirements of the test and

the distance in which the instrumentation
cables hsd been suspende ! in front of the pro-
jectile. Types of data recorded included ac-
celeration input and response signatures from
various points within the projectile and the
pressure in the gas spring behind the projec-
tile. The foregoing data was in addition to
anything required by the componenta being
tested. Image mction photography was used as
one means of determining the velocity of the
projectile, which provided a check on the velo-
city change under the input acceleration-time
signature.

A quartz accelerometer, rated to 100, 000
g (checked to 50, C00 g) was used to monitor the
acceleration level of the projectiles. The
mounted resonant frequency of the accelerome-
ter was 60 kHz. A high frequency {idelity
check was performed on the rest of the elec-
tronic system to show that it was capable of -
accurately recording frequencies to 140 kHz
with amplitudes as high as those present during
a test, 2

Data from the projectile has been obtained
using hard-wire instrumentation, making pos-
sible 1 MHz data recording for 15 milliseconds
and 80 kHz data recording for as long as
needed. The number of channels of informa-
tion has been limited only by the size of the
bundle of wires extending from the projectile
and the channels of recording electronics
available.

CAPABILITIES

From the energy available from the 18-
inch actuator, velocity changes on the 155 mm
urojectile of up to 375 feet/second have been
generated. The longitudinal acceleration ex-
perienced by the projectiles has ranged from a
pulse of 5, 500 g maximum faired peak (MFP)
with a duration of 3.6 milliseconds (at the 10
percent level) to a pulse of 47,000 g MFP with
a duration of . 17 millisecond (10 percent
level). A typical pulse for component testing
might be from 10, 000 g MFP with a duration
of 1.65 milliseconds {10 percent level) to
16, 000 g MFP with a duration of 1,05 milli-
seconds (10 percent level).

Figure 7 shows an 80 kHz data playback
record of a typical test pulse. The theory
developed for the ideal situation was found to
predict the rise time of pulses adequxtely
(within =10 percent). However, since the gas
spring is a high'v nonlinear spring and the
magnitude of the acceleration pulse is very
sensitive to small caanges in the piston velo-
city, calibration sliots with repeatable setup
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Fig. 7 - Typical Acceleration-Time¢ Signature

conditions were also required to produce ac-
curate, specified test pulses. For a given
test requirement, the amplitudes of the
pulses were repeatable wiihin an error of £10
percent.

FIELD TESTING CCMPARED TO
LABORATORY TESTING

The question that arises in any laboratory
test is: How well does it simulate the environ-
mental conditions of the field? Not only that,
but what criteria is used to determine the va-
lidity of the laboratory test? R was decided
that shock gpectra should be used to compare
longitudinal and angular acceleration of the
gas spring firing of a 155 mm projectile to
that of an actual gun firing. To do this, a
longitudinal acceleration pulse was obtained
from an actual field test so that a shock spec-
irum could be made of the pulse. Likewise,

a typical faired shock pulse from the gas
spring testing technique with a similar ampli-
tude was analyzed and compared to the field
test data. The shock signatures compared
are shown in Fig. 8 while their respective
shock spectra appear in Fig. 9. It can be
geen that even though there was nearly an
order of :nagnigude difference in the pulse
durations, the effect of the twc shocks to any
single, undamped, linear spring mass compo-
nent within the projectile with a natural fre-
quency above 3 kHz was very nearly the same.
I fact, had the amplitude of the gas spring
pulse been the same as the field pulse, the
results of the comparison would have been
even closer.
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Fig. 9 - Shock Spectra

Arother interpretation of Fig. 8 and Fig.
9 is that any component having a natural fra-
quency greater than 4.5 kHz is only sensitive
to the amplitude of the applied shock, pro-~
vided the base line duration of the pulse is at
least 2.2 milliseconds. Fig. 9 also indicates
that for components having a nctural fre-
quency between 300 Hz and 4.5 kHz the gas
spring pulse with the same amplitude as the
field pulse would be an overtest, Likewise,
the gas spring pulse would be an undertest
for components with natural frequencies
below 300 Hz. However, the peak-to-peak
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deflection involved with a component having a
natural frequency of 300 Hz is 2. 4 inches for
an accelecration level of 11,000 g, which im-
plies that such a natural frequency is unlikely
to oceur i the 155 mm projectile. On the
other hand, the peak-to-peak deflection of a
component with a natural frequency of 4.5 kHz
with the same acceleration level is 0.011
inches. Therefore it can be concluded that the
gas spring test is valid for faired longitudinal
and angular acceleration environmental tests
involving components with natural {requencies
of 4.5 kHz or higher.

It should be noted that both shock signa-
tures in the above comparison had no high
frequency vibration superimposed on the main
pulse. The reason for this was briefly men-
tioned earlier., There was no high {requency
data available from an actual gun firiig since
hard-wire instrumentation has not.-been used
successfully for the tatal duration of the pulse.
Consequently, the vibration superimposed on
the gas spring pulse was faired so that two
similarly smooth pulses could be compared.
The pulse from the field test was filtered to
300 Hz, Fron. the results of the gas spring
tests, it is believed that there is a significant
amount of vibration present in the components
of a 155 mm projectile during a gun firing
whica can only be recorded by high freguency
response instrumentation.

Component testing in the past has in gener-
al used nothing but clean input pulses, which
may be adequate only if a similar environment
exists in an actual gun firing. However, from
what has been learned from the gas spring
tests, there is reason to believe that much of
the vibration recorded is due to inherent
natural frequencies within the projectile itself,
Therefore, the frequencies and amplitudes re-
corded during a gas spring firing may be
similar to those of an actual gun firing. Since
there is so iittle known about the high fre-
quency vibration and its effect on the compo-
nents, future work is planned to study this
area.

"REMARKS

The general testing technique outlined has
the capability of being extended to other pro-
jectiles besides the 155 mm projectile. The
gas spring and the rifled section could be de-
sigued for any number of other projectiles.
The main consideration wou'd be the amount of
energy available o shape the acceleration
pulse by the momentum exchange between the
piston and the projectile, A wide latitude in
selecting the characteristics of the pulse de-
mands a large amount of energy. For this
reason, future work has been planned on the
existing test getup in the area of energy gener-
ation. One system to be investigated will be
a piston that carries a very high pressure
reservoii thit will be released at a point where
the piston would normally attain its maximum
velocity. Other energy generation systems to
be investigated would include modifications to
the 18-inch actuator.

Future work has also been planned in the
area of theoretical prediction of the results,
Specific points to be investigated include gas
and heat losses from the system, compressibi-
lity of a reul gas, and the disagsociation of the
diatomic gas at high temperatures and pres-
sures. A refinement of the theory would allow
for a-more optimum use of the available
energy in shaping the acceleration pulse.
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APPENDIX

MATHEMATICAL ANALYSIS GF THE GAS
SPRING TEST SETUP

Since there are

80 many variables in-

volved in this testing technique and their in-

teraction of such a

complex nature, there is

a need for a‘ analytical expression whick will
facilitate the selection of setup parameters.
The acceleration-time data of the projectile is
the main concern of the test; ther=fore, the
following analysis will concentrate on this

point.

To mathematically arzlyze the gas spring,
it is necessary to make some simplifying as-

sumptions.,

For u first approximation it is

assumed that an ideal gas is used and that the
prccess is a reversible adiabatic procoss with

a constant specific

heat ratio. It is also as-

sumed that there are no losse¢s in the gas

spring.

There are three distinct regions of piston

travel that are of interest.

The first region is

from the point where the piston starts from
rest to the point where its velocity is meas-
ured (some distance after the piston has left

the thrust column).

This is shown in Fig. 10.
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Fig. 10 - Region 1 of Piston Movement

Region Two, shown in Fig. 11, is defined
from the point where the velocity of the piston

is measured to the

point wherz motion of the

projectile is impending. Region Three of
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Fig. 11 - Region 2 of Piston Movement
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piston travel is shown in Fig, 12 and is de-~
fined from the end of Region Two ta the point

where the distance between the piston and the
projectile reaches a n inimum.
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Fig. 12 - Region 3 of Piston Movement

The follow ing nomenciatuce is used in the
development of the analysis:

A

L.
i

t

Cross-sectional area of gas
column

Diameter of projectile
Maximum axial force on projec-
tile due to friction in rifled

saction

Mass moment of inertia of
projectile

Constant of proportionality be-
tveen linear and angular accei~
eration for a given gun barrel

Initial length of gas column

Length ol gas column when
motion of projectile is impending

Length of gas column whea veioc-
ity of piston is measured

Distance between piston and pro-

Jectile when they are respectively
at Xl and X2

Mass of piston

Mass of projectile

Effective mass of projectile
Force exerted on the circumfer-
¢nto of the projectile by the
rifled section normal to the

grooves

Atmospheric pressure
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- Initial pressure of gas column

- Pressure of gas columin when
motion of projectile is impending

- Pressure of gas column when
velocity of piston is measured

- Pressure of the 1s column when
the piston and projectile are
respectively ai ‘.\'l and Xz

- Specific heat ratio

- Variatle defined to be Xl -X

3]
- Variatie defined to be 5{1 - 5(2
"~ Variable defined to be §1 - iz

- Velocity of the piston v hen pro-
jectile motion is impending

- Measured velocity of piston at the
end of Region One

- Distance piston moves as meas~-
ured from position of piston when
motion of projectile is impending

- Distance projectile moves as
measured from the initial position
of the projectile

)'{l - Velocity of piston

.2 - Velocity of projectiie

"l - Acceleration of piston

5&2 - Acceleration of projectile

[ - Coefficient of friction between
projectile and rifled section

o - Angle of twist which grooves in
rifled section make with longi-
tudinal axis

) - Angular acceleration of projectile

Region One (Fig. 10)

From thermodynamics and the assump-
tions stated previously, it is known that

v ¥
P (AL,) = P(AL)Y ,

or

L, \
n-a(—;:) -

v

Fror: Eq. (1) the preasure in the gas spring
can be determined at the selected point where
the velocity of the piston is measured. There
is no need to analyze the exact motion of the
piston within this region as the actuator setup
can be varied to produce a desired velocity
with a known piston mass, Mj, and x given
initial gas spring pressure, Pi‘

Region Two (Fig. 11)

It should be noted that the position of the
piston when projectile motion is impending is
not fixed but varies with the initial gas spring
pressure, P;, and volume, and the projectile

friction, F. Impending n:otion of the projec-

tile is defined as the point where the force en
the projectile from the pressure in the gas
spring is equal to the sum of ail other forces
acting on the projectile in the opposite direc-
tion.

PA=F+PA,
P a

or

P =(§)+ T @)

Since P_ is essentially constant and F is
measuréd and nearly constant from one
projectile to the next, then P, becomes a
known constant. Eq. (2) says that, although
the piston is not always in the same position
when projectile motion is impending, the
pressure ahead of the piston at that point is
always the same,

Two other equations are also known:

oy g o
Pp(ALp) = P(AL)) (3)
and
M (v2 -vz) (P AL_-P AL
1\'p v _p p v v)
2 1.4
+P AL, - Lp) . (4)

Rearranging Eq (3) and Eq. (4) gives
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"A
and - e -
PL -PL)A M \"2
v - ( o PV V. LpaAL -L )+' I'v) 2 Fig. 13 - Forces Acting on the
P 1 - a v p 2 .\ll Projectile
(6)
MX =P, . A-F-PA
where Pp, Lp. and Pv are given by Egs. (2), Sl ('\1'5\2) a
(5), and (1), respectively. - 2uN cos ¢
Region Three (Fig. 12) -2\ siné . (11)
Looking now at Region Three, it is seen
that Now consider the angular motion of the pro-
jectile:
L .. =L -X +X
X,X,) " T 1T 2 1
T Ncosd -uNsinéd
=L -(X, -X,) (7}
p ( 1 2) O
x- 1 (————‘
and 7 d \cosd -pcosd),
P. AL T=p (AL )" . (8) but
()‘!' xz) (X!sz), P P . .
0= .“2 .
Substituting Eq. (7) into Eq. (8) and re-
arranging gives Therefore .
1keX
\ = 2 ( 1
] cos ¢ -pcosd/.
Lp !
P z P | e——m——— (12)
X X L o 5
9 Now substitute Eq. (12) into Eq. (11) and re-
£ arrange
Applying Newton's Second Law of Motlon to 21k .
. P C pcosd + smtb) -
the piston, results in )52 ;\12 +3 ( cosb - psind /|- P(Xi' xz’A -F
(13)
on -P A -
MX. =-P . . a
171 (kl,kz)A + PaA,
The form of Eq. (13) indicates that an eftce-
(10) tive mass, M9e, for the projectile can be
defined to account for the angular motion,
likewise for the project:lc as shown in Fig. 21k
13, M, =)+ ——

2e 2 d

( K cos o+ sind ).(14)
cosd - usind
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‘Then Eo. (13} becomes

Xz;-lze = P(X .‘ )A -F - paAo

1*72

13y

Now substitate Ea. (7] into Eqs, (10) and (13)
and divw#e Ly the appropriate mass

—_

e
F_ PaA .
M2 MZe

(17)

Eq. {17) will give the acceleration of the pro-
Jectile, but there is no way of knowing from
this equation where the n.aximum acceleration
occurs. Maximum acceleration point will
cccur when the relative velocity between the
piston and the projectile is zero. Therefore

an expression involving both the relative veloc-

ity and the relative displacene nt nmiust te
found, Suotracting Eq. (17) from Eq. (16)
gives

1 1
X, - .\2 = -Pp.-\.(;\ll + M2e>

L 3
P .

P A

* \T * \1F
My My
PA

H B (18)
MZe

Now define two constants and simplify, Let

ko= poalt o)
1 p .\il '“20)

(1"

and
1 1
K, = P Aj~— + 0
2 a (Ml M2e)
s | 20)
M,
e

Then Eq. (18) becomes o

X [ Lp ]

X =2 8 e || ee——————————
I [ )
Ky oo L@

For the purpose of solviﬁg Eq. (21), introduce

“the change of variables

U=X -X

1 2
U-= Xl - xz
U= 'l - X2 o
. Lp ¥
Therefore U= -Kl (L - U-)
P
+ Kz. (22)
Now let
U=z ;
then

N
IR s S
du 1{\L -U 2

or, after integrating, becomes

2
Z__
2"‘21’

. 1eny

K L'(L -U

1 P( B ) +C
1 -4 1
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or
2 2K (L. - Uy
u . ST TR b SR
> -K2U C 2!\2l.. o
;1Y f-q <
K. L'(L -U L
P p( 4 ) +C B
1 - 15
1 -9 L L
P
(23)
2 2KIL)
where Cl is the constant of integration, + \"p - —I—T{- (25)
]

The initiai conditicns used to evaluate C‘
are: where Kl' K2' and '\'p are given by Eqs. (1Y),
(20), and (6), respecively.

o Xl - '\2 =0a '\l Eq. {17) can also be written us

= 0, X2 =0

. Pa/1 P

= - =Y t - -
U k} 9 \pa..\l “Ze .

=0, X, =0. =

2 F :;‘A
M e '“Ze :
By substituting the above values into Eq. (23) (26)

and solving for Cl' it is found that

Now the relative velocity, (', between the
piston and the projectile and the acceleration

V2 KIL of the projectile are both expressed in terms
Cl S —2P— - -I—P o of a common parameier, the relative dis-
- placement, U. It is then possilie to calculate

the acceleration at that value of relative dis-
placement for which the relative veiocity is
BTG IR (2] () [assermss zero, This point gives the maximum acceler-
ation of the projectile but not the time at
which i* occurs. In general, acceleration-
[-12 time data is needed rather than acceleration-
— =K, U displacement data; so to express time as an
Z 2 explicit variable, a numerical technique can
K LY (L - U)l-q/ be usecl. with. the plot obtai.ned from Eq. (25).
1 p'p A relative displacement-time curve can thea
1 -4 be drawn, The time, t, can then be sub-
stituted for U in Eq. (26) to get an acceler-
ation-time signature of the projeciile,

Yy iy
e Rl el )

or
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DISCUSSION

Mr. Hughes (Naval Weapons Evaluation Facility,
Attmquerque): 1 woekd like elarification of the
ration at which vou can record %0 Kilz signals,
1 belicve vou said forever, but it appeared on one
slide that vou had a cable vut,

Mr, Fluent: Yes, the cable was cut zafter
several milliseconds in that pacticular test. 1 said
that we had ebtained data for as long as needed, The
reason that we tricd getting extended data was that
somebody required that we have «data for 15 milli-
seconds, So on a calibration shot we tricd o sce
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bow long we conld get it, and as 1t turned out, the
first cable that ot was after 500 milliseconds,
Some of the cables never did cut-~they ran the full
70 feet and we could still record data,

Mr, liughes: So which one gets cut first ap-
punrstofi'souorachancetypeofthing.

Mr, Fluent: Yes, we have not really gone into
the feasibillty of trying to see if we can record data
all the way through, even full stopping.
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FULL-SCALE RECOIL MECHANISM SIMULATOR
(PORCED FLUID FLOW TRROUGH A CONCENTRIC ORIFICE)

W. J. Courtney
IIT Research Institute

Chicago, Illinois

and

R. Rogssmiller and R. Reade
U.S. Army Weapons Command
Rock Island, Illinois

a viewing part, w

A full-scale recoil mechanism simulator weighing 14,000 1bs, !
was designed, fabricated and operated. This sirmlator was i
designed as a tool to investigate high pressure high velocity |
hydraulic fluid flow through a concentric orifice. The non- |
linear mathematical model, used as a design aid, is presented.
The computer prediction of piston velocities and oil velocities!
will be compared with the experimental data. Finally, a dis-
cussion of the orifice flow together with accumulated data,
vwhich includes hifh speed photography of the oil flow through |
11 be presented.

INTRODUCTION

This full-scale simulator, HYFLOS
for hydraulic flow simulator was de-
veloped to measure the various parameters
needed to define the coefficient of dis-
charge (Cp) of a recoil mechanism. Of
irmediate interest is the discharge co-
efficient of the recoil control orifice
of the M140 tank recoil mechanism which
is used in the M60-Al tank. The defi-
nition of the Cp, particularly for high
speeds and pressures, will be of general
interest. A typical recoil mechanism is
shown in Fig. 1.

GEEEEQL__
\@

Fig. 1 Sectional View Recoil Mechanism
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It is his*orically interesting that
the French 75mm Field Gun of WWI was the
first gun manufactured by the United
States of Americua that contained a mod-
ern recoil mechanism. Until recent
years, and the advent of computers, all
recoil mechanism design was by trial
and error. Most of the necessary de-
sign parameters are adequately under-
stood and defined. The most elusive
parameter is the coefficient of dis-
charge because it changes rapidly during
a cycle. Experience factors are now
used to make the necessary approxima-
tions for design changes.

The trend of modern experimental
tank guns is to fire projectiles at
higher and higher muzzle velocities re-
sulting in recoil times from 25 to 65
milliseconds. Breech forces can be
measured in millions of pounds and
trunnion reactions in excess of 1/4
million pounds. As muzzle velocities
become higher, the parameters which the
designer has to juggle become more cri-
tical. 1In one mechanism the oil flow
was so violent that the stainless steel
locking wires were "washed" off the
screw heads (see Fig. 2). The damage
could have been due to cavitation in-
duced erosion since stainless steel pow-
der was recovered from the bottom of the
mechanism.
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excursion desired, i.e., the p;/p, ratis.
Subsequently, the drive zone pres is
gset at the required level (maximwm vel-
ocity desiced) and the trigger valve is
actuated to release the piston.

TECHNICAL DISCUSSION

This discussion is concerned with
the oein problems encountered i desigr-
ing and using the HYFLOS.” The foll
equation of :otion was used as a tool in
the design and testing of the device,

uf + (c; # +cp) T§T'+ (p, - py) A0 (1)

where
m = piston mass, (1b ft~

1
-

-secz)

Fig. 2 End View Recoil Orifice x,k,% = plston motion (ft) and its

(Note: Loss of Locking Wire) time derivatives
¢y = damping constant due to oii

The HYFLNS was installed in WECOM's floy through orifice (1b ft"<
gas Dynamics Ia:gi-agory (l-‘ig.d3), the sec’t)
astex cameras ch were used to re-
cord the motion of the piston extension ¢, = damping constant, friclztion of
rod and the flow of oil through the bearings and seals, (1b)
orifice are not shown. A 5000 psi p; = absolute drive pressure (1b ft-2)
nitrogen gas compressor is shown in
the right rear. An oil sealed vacuum P " absoluts buffer pressure

was used to remove dissolved gases (b £t-¢)

4

from the hydraulic fluid. The horizon-
tal dynamic cradle was used because of
a Corps of Enfinee:s restriction on
bedrock react

A = piston end ares (ftz)

on forces loading. Nitrogen is used as the drive gas

- (py) and as the buffer gas (p,); the ex-
pansion and compression processes were
assumed to be adiabatic and specific heat
ratio was assumed to remain constant
(k = 1.4). Thus the dynamic pressures,
py and p,, can be determined as a func-
t}o 318

n of ton motion from,

PL VI = €1 = Prga. Y (2)
and

Py v2 = €y = Pygq, Vp* (3)
where

vl-vD+xA

Fig. 3 HYFLOS Installed in WECOM vy = (2-x) A
Laboratory
as
The preparation of the HYFLOS for ¢,
an experimental velocity excursion is P13 (4)
straight forward. The buffer and drive (vp + xA)

zone pressures are reduced to atmos-
pheric. The metal to metal seal of the 2
plston is made by raising the buffer P17 (5)
pressure to 100-150 psig. Then the [( ]

buffer pressure is reduced to the de-

sired level determined by the maximum
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vhere

v = drive volume
initiated (ft?)

v, = buffer volume_before motion is
tnitiated (fe3)

2 = buffer zcne length (1.25 ft)

The doive volume (vy) can be changed by
install ingerts, tks drive volume can
be 550, or 150 in.J,

The values of the dang:n coeffi-
cients were estimsted in t ~liowing
manner. The dynamic coefficlent of
friction was agsumed to &c J.2 and since
the piston weighs 580 1lb there is con-
stant drag, opposing motion, of 116 1b
{(cy). The force required for flow of
oil through the orifice is a function
of the orifice geometry, the oil vel-
ocity and quite significantly the main
reason that the HYFLOS was developed.
However, the maximum oil pressure res-
se of an M140 recoil mechanisxn was
from test firings. Thus the value
of coefficient discharge (Cp) could be
determined at 2 point of maximm pres-
sure from

fore motion is

tp = Cp G V2 (6)
wvhere

Ap = pressure drop agross the
orifice (1b ft's)

p = oil density (1b fe-4 secz)
(1.66 for oil used)

V. = oil velogity through orifice
°  (ft secgi)

Since the downstream oil pressure is
approximately zero the change in pres-
sure across the orifice (Eq. 6) can be
assumed to be the total pressure that
resists piston motion thus,

Fy= e £ - Ap Ay €))
or c 2
[
¢ i = =2 (;“-) #? Ay (8
[+]

where

Ay

=V
K; o
and

AH = annular area be§ween piston
and chamber (ftf)

A - annular area of orifice (ftz)

The damping coefficient (c1) is
32.1 (Eq. 1) for the straight piston
shown in Fig. & and for a pressure of
4000 psi - experimentally measured on
the M130 - at a piston ;g:ed (%) of
50 ft/sec from Eq. . value of %}

varies vhen the tapered piston (Fig.
is uged.

Fig. 4 Experimental Recoil Mechanism
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Fig, 5 Pisto~ and Orifice Dimensions

The coefficient of discharge w:s
assumed to be constant during computer
simulation of piston motion. This con-
stancy was assumed because it would
yield realistic pressures at high piston
velocities where high oil pressures
would be expected. The importance of
the high piston velocity and accelera-
tion with resultant high oil pressures
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will be discuesed !n a later section
when the plexiglass orifice is dls-
cussed. The effect of assuming a con-
stant Cp will be discussed in the final
soction.

Equations 4, 5, 8 and the value of
¢y were inserted into Eq. 1 and it was
evaluated on a digital computer. Fig, &
shows the piston velocity and displace-
ment versus time for a few computer
s{nulatioﬂs of recoil mechanism opera-
tions.
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Fig. 6 Computer Simuiation of Motion

(Straight Piston)
ORIFICE

The orifice (Figs. 4 and 5) was
fabricated from plexiglass so that the
flow of hydraulic fluid cculd be ob-
served through the viewports. The use
of plexiglass imposed restrictions on
the operation of the simulator. Due to
the relatively low strength of the plexi-
glass and its low Young's modulus the
oil pressure level must be carefully
controlled and the dynamic expansion of
the orifice must be monitored.

Since the orifice is enclosed on
three sides by the relatively unyielding
steel an approximate solution for the
expansion of the orifice can be made by
assuming hydrostatic compression of the
plexiglass due to a pressure equal to
the dynamic oil pressure. The value og
Young's modulus for steel is 29.5 x 10

psg; and, for plexiglass it is 0.45 x
10° psi. Poisson's ratio for plexiglass
is 0.35. The change in volume per unit

volume 1is,

ey = B (oproyray) = LR 5, (9)
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01,02-03

where
v = 0.35 Poisson's ratio
E = 0.45 x 10% Young's modulus, psi

« principal stresses and -
S s for the hydro-
static case

If the dynamic oil (p,) presgure
equals 1900 psi theme_ =2 x 10'!
in.3/i{n.?. Since the plexiglass ori-
fice is apgroxinately 4 in. in diameter
and can only yield in the rldla& direc-
tion a volume strain of 2 x 10°° amounts
to a gap increase of 3 x 10~ in. A
4000 psi oil pressure, equal to the
naxioum M140 recoil mechanism pressure,
would cause the osifice gap to in-
crease by 12 x 10°7 in., Fig. 7 shows
the effect of oil pressure on the ori-
fice gap.
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Fig. 7 Change in Gap Dimensions,
Tests &4, 5 and 6

INSTRUMENTATION

Because of the predicted change in
the orifice gap a capacitive probe was
specifically designed to monitor the
orifice gap. Four plezo-electric pres-
sure transducers were used to monitor
the gas and oil pressures, i.e., buffer
zone, drive zone, and upstream and down-
stream of the orifice. The pressure
transducers were Kistier #601H in con-
iunction with charge amplifiers type

503, The oil temperature was monitored
on both sides of the orifice with thermo-
couples, American Standard ARL #T22-M-
1.5-8-L-8-F-24. All of the electrical
signals were conditioned and recorded on
tape, from which they were played back
as oscillograph traces for analysis.




A Fastex-Model W16269-camera was
used to rccord the piston sotion and a
Fastex-Model WFIT-camera was used to
record the orifice oil flow. Both
caneras were operated at a nominal speed
of 4000 frames per second; both also had
50mm focal length Wollensack lenses.
Timing marks at a rate of 120 flashes/sec
were put on the film during a test rum.
A Gerber-Model GADSR-4PFS Data Reduction
System was used to determine the piston
displacement as a function of time.

EZXPERIMENTAL RESULTS

Prior to the acceptance tests a num~
ber of computer simulations of test
firiags were made to assist in the selec-
tion of drive and buffer pressures and
the drive zone volume. Only the 150
in.? drive zone volume was used during
the acceptance tests.

Figs. 8 and 9 show the displacement
versus time and the velocity versus time
for che tests made during acceptance
testing. The disglacement and velocity
curves for an M140 recoil mechanism are
algso shown in the figures. The accept-
ance tests were not designed to be a
complete synthesis of the M140 recoil
tut rather to show that the curves could
be synthesized. Particularly the firs:
15 to 20 ms of the M140 synthesis was
avoided as a synthesis of this portion
with the very high accelerations re-
quired would have prematurely over-
strained the plexiglass orifice. Figs.
10 and 11 show additional computer
simulations.

Fig. 8 Piston Displacement versus
Time for 5 Pressure Ratio
Experiments

Fig. 9 Acceptance Testing Piston
Velocity (Tapered Piston)

Piotss Watesity (1) fthese

Dapest Vi, &

Fig. 10 Computer Simulation
(Tapered Piston)

Protes vaboncty (i) Peieee

Fig. 11 Computer Simulation
(Straight Piston)
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Piotne Bepiessment (1), te.

Pioten Bioglesmmest (5). 0.




The maxinim displacement of the pis-
ton was predicted using the equlilibrium
position of the vibrating piston as o
guide. Fig. 12 shows rhe calculated
equilibrium position as solid lines for
each »f the drive volumes as a function
of tne pressure ratio pllp . The experi-
mental points show the maxImum displace~
ment for each of the tests made dur&ng
acceptance testing with the 150 in.
drive zone volume, For test #6 the
maximum displacement was predicted to be
{2-2/4 in, and experimentally it was
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Fig. 12 Piston Movement as a
Function of Pressure Ratios

Fig. 13 (a,b and c¢) as still! rvepro-
ductions, cannot convey the intuitive
grasp of the effect of piston speed on
the oil flow through the orifice, that
is observed in the l6mm motion pictures.
The onset of cavitation can Le seen quite
clearly. As the piston velocity was in-
creased from Test #2 through Test #6 the
extent of the cavitation zone monatoni-
cally increased.

(a) Piston View Prior to Motion
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(b) Piston Velocity 19 ft/s

(c) Piston Velocity 46 ft/s
Fig. 13 0il Flow through Orifice

Fig. 14 shows the dynamic change in
the orifice gap during tests gé 5 and 6.
Obviously a ghange of 4 x 10-3 In, in a
gap 89 x 10-J in, requires that the
effect be accounted for during analysis.
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Fig. 14 Transient Orifice Gap
Displacement

CONCLUSIONS

The most important result is that
for which the HYF!OS was developed, the
investigation of oil flow effects due
to the orifice.

Figs. 15 and 16 show the oil pres~
sure determined by computer simulation
and the experimental results. The com-
puter simulation predicted much higher
oil pressures particularly for the lower
piston velocities.
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Fig. 17 ‘omputer Pradicted 0il

Pressure Response
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Fig. 16 Pressure Response of Hydraulic

Fluid (Upstream 0il Pressure
Transducer)

It is of considerable interest to
compare the ratios of measure and pre-
dicted oil pressures. Recall that the
coefficient of discharge was evaluated
from M140 data for a piston velocity of
~50 ft/sec. The ratios of the experi-
mentally measured oil pressure to the
computer predicted vil pressure was for
Test #4 (19 ft/sec) P_ /P .,y = 0.2 and
for Test #6 (48 ft/se¥ Pog/B. .~ = 0.74.
Note that as the piston ve{ocigy approaches
that at which the discharge coefficient
was evaluated that the computer predic-
tions more closely approach the experi-
mental values, The computer predictions
were adequate for the selection of drive
and buffer pressures. The HYFLOS will
be adequate to investigate the discharge
coefficient at the required piston vel-
ocities. :
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ISOTOPE FUEL IMPACT FACILITY

Larry O. Seamons
Sandia Laboratories
Albuquerqu2, New Mexico

The use of radioisotope thermoelectric generators as electrical pow«:r
supplies for space applications has led to a need to characterize the impact
sensitivity of the radioactive materials used in these generators. The
knowledge is required to more realistically appraise the safety of potential
uses., A facility is being developed at Sandia Laboratories for safely con-
ducting impact tests of this class of potentially dangerous materials.

INTRODUCTION

Radioisotope thermoelectric generators
(RTG's) are being used to provide electrical
power for many space missions. These
power supplies consist of subcritical amounts
of radinisotope material firom which the heat
byproduct of radioactive decay in conjunction
with a thermoelectric process is used to
generate electricity. The radioisotope fuels
involved are exposed to all the environments
associated with accident situations or mission
aborts, One category of these accident en-
vironments is impact., Such impact could
result, f~r example, from a launch pad ex-
plosion, an early abort leading to subsequent
aerodynamic heating and impact, or an orbit-
al abort resulting in se-entry and impact,

All radioisotope fuels are health hazards
to some degree and in most instances the
degree can be altered by impact. In pariicu-
lar, a new fuel under consideration is a solid
solution of thorium dioxide and plutcnium 238
dioxide with the Th0, playirg the role of
dilutant, Sintered solid soluatiun particles, a
ceramic, are coated with molybdenum to pro-
duce the basic cermet fuel particles, approxi-
mately 150 microns in diameter, which in
turn are hot pressed together to form a large
shape, From the health hazard standpoint,
this material is primarily an alpha radiation
emitter. In turn, alpha emiiters are of most

concern when *he material particle size is a
few microns diameter and thus easily inhaled
or ingested. Just a few of these small parti-
cles represents enough inhalation material to
be extremely hazardous, Therefore, large
pieces of this material can become very
dangerous if only a small amount is suffi-
ciently pulverized by impact.

The preceding remarks imply a need te
know the impact characteristics of radio-
isotope fuels so that the gafety of any space
application can be realistically appraised.
Eveniually an experimental verification or
deterraination of fuel break-up vs. impact
conditicns becomes necessary. Because of
the potential extreme toxicity of the
Pu03/Th0y solid solution cermet (SSC) fuel
material, facilities for impact testing at
other than mild impact conditions are virtu-
ally nonexistent, A facility for safely per-
forming this type impact is being developed
at Sandia Laboratories and has been named
the Isotope Fuei Impact Facility (IFIF). The
target date for having the facility qualified
for impacting materials containing Pu 238 is
December, 1970.

The IFIF is intended to be used to
characterize fuel form break-up and to
characterize fuel simulant break-up, If a
less hazardous simulant can be found that
will reasonably represent actual fuel

This work wus supported by the United States Atomic Energy Commission.
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tenavior under inpact, iagact testing can be
performed on siruiants at facilities not
iquippsd to safely bandle actual fuei. Other
aitualant advanta@cs wouid e availability,
tow cost and less striagent saaterial aecount -
ability re;uircrents, ’

The initial impact test specifications weici:
deteriined the facility desion were:

1. [mjaact the fuel forrms at a maximmum
velucity of 600 ftfsec. and pre-heat
the fuel forms‘to a maximum temper-
ature of 1, 000°F. These two con-
straints were initially censidered

" reasonable maximums for eartn.
surface terminal velocities and oper-
ating and/er aerodynamic heating
induced temperatures. More recent-
iy the temperatureorequirement has
increased 10 2,000 F with 2, 500 F as
an altimate goal. '

2. Prevent postimpact fuel residue from
contamination by or entrapment in
foreign materials. This is necessary
because fuel break-up is determined
by sorting and counting ail the fuel
remaining after impact. The residue
is mechanically: sieved through a
series of screens with a 10-micron
sieve mesh opening being the finest
scyveen used. Particles which pass
the 10-micron sieve are further
sorted and counted by other means
down to 0. 1 micron "'size" particles.
Particles below 0.1 micron are a
separate category and only the mass
fraction of this category is deter-
mined. This fines analysis process
is impaired by foreign materials
because additional separation proce-
dures must be used throughout the
Process.

3. Establish fuel form orientation rela-
tive tc the impact surface without
mechanical connections to the fuel
forms, This constraint eliminates
any false contribution to or restric-
tion of fuel hreak-up that might be
created by spring clamps, positioning
wires, bond joints, ete., and also
eliminates one source of possible
fuel residue contamination or entrap-
ment,
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4. Guarantee safety of the personnel and
environment surrounding the tegt ares
by sufficient multiple or concentric
contaimnent of the toxic material.

The IFIF uses triple concentric con-
tainment to satisfy this requirement.
The primary amd lertiary containment
are established before a test is con-
ducted and the se~ondary containment
is formed during a test.

VERTICAL AR GUN SEQUENTIAL DETAIL

The resuifznt IFIF uses a vertical air gun
and auxiliary hardware as gshown in Fig. § to
conduct the fuel impacts. The air gun
launches a piston which in turn carries a fuel
container asseinbly shown in position ztop the
piston in Fig. 1 and shown in detail ir Fig. 2.

The best way to expiain the vertical air
gun and associated hardwace is to first run_

through the sequence of events which takes
. place during a typical test and then indi-

vidually discuss the hardware components.
brar in mind that the object of the test is to
impact the fuel specimen against the fuel
impact surface shown in Fig. 2.

Primary container hardware is shipped
to another laboratory where the fuel specimen
is placed inside and the primary container
is sealed by welding. The container and fuel
specimen are returned and a fuel container
assembly ig built up and positioued atop a
piston. The piston and assembly are placed

" in lannch position and electrical power is

applied to the blanket heater to bring the
primary coutainer and fuel specimen up to
temperature., When test temperature has
been reached and the necessary soak time
has elapsed, the compressed air reservoir is
remotely pressurized to the desired level.
High pressure air is dumped into the trigger
air line thus forcing the piston off the piston
seat and allowing the fire air access to the
bottom of the piston. The fire air acceler-

ates the piston and fuel container assembly up

the air gun barrel to achieve test velocity.
The piuion and fuel container assembly exit
the gun barrel and fire air begins venting
through vent holes in the spacer and guide
can as shown in Fig. 3. Shortly after the
hase of the piston clears the air gun barrel
muzzle, the piston intercepts the internally
tapered catch tube and the fuel container

S
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Fig. 1 - Vertical Air Gun Schematic
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Fig. 3 - Piston Impact and Release of
Fuel Container Assembly
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Fig. 2 ~ Fuel Container Assembly Schematic ‘
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assemhly continues on trajectory. The piston
swages into the catch tube and in the process
form-: a meial-to-metal seal which completes
and slightly pressurizes the secondary con-
tainment of the fuel specimen. The secondary
cofitainer consists of the piston, catch tube
and adaptor plate (Fig. 1) and can be removed
from the reaction mass and handled as a unit,
The piston/catch tube impact approximates a
perfectly inelastic impact and initiates the up-
ward reaction mass displanement inside the
guide can as shown in Fig. 4. The fuel con-
tainer assembly meanwhile has been in free
flight inside the secondary container and now
impacts the cutter and drives the cutter
through eight metal shear bars. The fuel
specimen separates from the bottom of the
primary container and begins displacing up-
ward relative to the container as soon as the
container contacts the cutter. The metal

!
< |
‘\i; ~ REACTION MASS
J| GISPLACES UPWARD

E
b
!
1

| L FuEL CONTAINER
ASSEMBLY DRIVES |
CUTTER THROUGH

METAL SHEAR |

FUEL IN:PACTS—
CONTAINER
TOP

&

==

1\

¢

Fig. 4 - Impact of Fuel Container I
Assembly and Fuel Specimen




shear bars decelerate the primary container
{n a controlle¢ thanner such that the container
is at zero velocity relative to the reaction
mass or rebouriding from the reaction mass
when the fuel specimen impacts the top inside
container surface.

The relative impact velocity between the
fuel specimen and primary container s essen-
tially the maximurn piston velocity vector re-
lative to ground minus the primary contaiuer
velocity vector relative to ground at the time
of impact. The container velocity direction
relative to ground can be vertically upward
or downward depeuding on how the container
rebcunds off the reaction mass. In any event,
the rebound and reaction mass velocities are
so small compared to maximum piston veloci-
ty that they are in practice neglected,

After all the various force inputs to the
reactlon mass are over, the reaction mass
continues dispiacing upwards converting all
the energy it has acquired to potential energy.
The reaction mass acquires energy from the
piston and fuel container assembly impacts
and from the fire air which is expanding up
the air gun barrel and out onto the bottom of
the reaction mass for many milliseconds after
all the various impacts occur. When the re-
action mass reaches zero velocity and tries
to start back down, the ball lock mechanism
(Fig. 1) engages the guide can and retains the
reaction mass. The ball lock mechanism is
a mechanical diode in that it restricts relative
displacement between the reaction mass and
guide can to one direction.

After the test is over, environmental
health personnel make the necessary radio-
activity checks and facility disassembly pro-
ceeds accordingly until the primary container
is reached. The primary container and fuel
residue are sent to a laboratory equipped to
handle the fuel, and the contziner is machined
open and a fines analysis is performed. In
the event of primary contairer failure, the
secondary container would be sent to the same
laboratory for disassembly and fuel recovery.
A fines analysis would not be possible.

VERTICAL AIR GUN COMPONENT DETAIL

The air gun was designed to fire vertically
upward so that the third basic test specifica-
tion, as mentioned in the introduction, could
be met. That i3, establish the fuel specimen
orientation relative to the impact surface
without using mechanical connections to the
fuel forms. The primary container internal
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geometry and gravity are used {o determine
the initial fuel specimen orientation. Internsl
geomet’y plus piston acceleration are used to
maintain fuel spccimen orientation following
piston launch,

The bagic air gun consists of a compressed
air reservoir, a port valve and a barrel., The
air reservoir is T-shaped in the horirontal
plane and is s welded assembly made up of 10-
inch steel pipe and fittings. The T-shape
provides a stable structural foundation for the
gun and is clamped to a larges foundation plate.
A vertical riser takes off from the leg of the
T and terminates with an 8-inch pipe flange
fitting. The port valve sits on top of the air
reservoir flange and is nothing more than a
housing and structural support for the piston
seat and a structure which provides air flow
passages around the piston seat into the gun
barrel. The fire air occupies a volume of
elght cubic feet within the air reservoir and
port valve and is limited to a maximum work-
ing pressure of 1, 500 psi. Tke gun barrel
sits atop the port valve and is terminated at
each end with an 8-inch steel pipe flange.

The bottoin barrel flange and the air reser-
volr flange uce iied iogethcr by cight & &f8-
inch stud bolts and the port valve i8 com-
pressed between the two flanges as the stud
bolts are tensioned.

Two port valve options are available., -
Moa I is nominally 12 inches high by 12 inches
outside diameter and is not accessible when
assembied between the barrel and reservoir
except through the barrel muzzle., Mod Il is
approximately 30 inches high and equipped
with a concentric sleeve around the outside of
the valve which will displace vertically and
provide access to the fuel container assembly
and top of the piston. This access can be
used for final adjustment of the fuel container
assembly, for inplace X-ray of the fuel speci-
men to verify pre-launch orientation, and for
routing of thermocouple and heater power
cables through the port valve wall, but the
piston and fuel container assembly m. t still
be muzzle loaded. Both port valves a.. mild
steel weldments with a 1, 500 psi internal
working pressure rating that is compatible
with the air reservoir rating. Mod I can be
seen between pipe flanges and among stud bolts
in Fig. 5 and Mod II is shown in Fig. 6.

The gun barrei is 8-1/2 feet long overall
and conaists of a length of 8-inch schedule 80
steel pipe and two 8-inch steel pipe flanges
all weided together. The weldment is smooth
bored to a 7. 72 -inch diameter.




Fig. 5 - Ground Level Checkout Installation
of Vertical Air Gun

The pision serves three functions which all
affect the piston design. It is used as a sup-
port for the fuel container assembly, as the
only moving part in the valving of the com-
pressed air, and as a structural member of
the secondary containment. The piston is
shown in Fig. 7. It is nominally 7. 70 inches
outside diameter by 8 inches long. The top of
the piston is counterbored to accept thermal
insulation to protect it from ihe hot primary
container and the bottom is counterbored for
weight reduction. Two O-ring grooves are
machined in the piston such that with the pis-
ton in launch position one O-ring seals at the
piston seat and the other seals against the
port valve interior jusi above the air flow
passages. As mentioned previously, the pis-
ton is muzzle loaded and forced down the
length of the barrel until it bottoms out in the
port valve piston seat, The piston seals are
checked by pulling a vacuum first on the
trigger air line and then on the air reservoir.
The 22 pound piston is condition "O'" alumi-
nuin alloy (2024) because of weight considera-
tions and becau.:e this material flows nicely
and forms a good metal-to-metal seal und:r
dynamic loading into thie catch: tube. Vertical
air gun proof tests over the 125 to 600 ft/ sec
velocity range have shown that the szz’ forn'ed
between the piston and catch tube has a icak
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Fig. 6 - Nod II Port Valve

Fig. 7 - Piston and Thermal Insulation
Which Fits in Top Piston Cuunterbore

rate less thaa 10 4cc ~f helium per sccond at
standard temperature and | atmosphcre press
sure differential. At all but the lowcost velo-
cities a 600, 006 pound hydraulic press is not
capable of removing the piston from the catch
tube uniess the piston stress is first relieved
by arilling a large hole through the mswn.
Even aficr being drilled out, several hundred
thousand pounds of force are required to press
out the piston.



The fuel container assembly shown in Fig.
8 consists of the prinary container (A in Fig.
8) with the fuel specimen inside, a blanket
heater {B in Fig. 8), annular rings o Johns-
Manaviile Min-X 2, 600°F thermal insulation
(C in Fig. 8), a transite shell (D in Fig. 8),
and fiberfrax thermal insulation (E in Fig. 8).

The primary container shown weighs abont
3-1/2 pounds and is built of 15-5 precipitation
hardened stainless steel because of its good
strength at temperature and oxidation resist-
ance up to 1, 000°F. Since the fuel specimen
is placed inside the primary container and the
container is welded shut at a location other
than the test facility, the container intermal
geonietry must be such that the fuel specimen
can be oriented properly within the container
without having visual access to the aperation.
This same geometry must niaintain fuel orien-
tation throughout the test. 7 .c presgent test
prograin calls for ori :uicag a 2, 12-inch dia-
meter by 0.22-inch thick fuel disk at every
22-1/2-degree interval between edge on and
flat on. At present, test temperatures have
not exceeded 1, 000 F and the 15-5 PH con-
tainers have survived the test environment.
Preliminary results indicate that similar con-
tainers of Haynes-25 alloy will be usable to
1, 500°F. Container materials for 2, 000°F
have not been tested in the facility but a T-111
alloy is under consideration. Low strength
and high oxidation rates at temperature will be
serious material constraints at the high
temperatures. The oxidation problem can be
limited by providing an inert atmosphere in-
side the air gun barrel and inside the primary
container. The low strength problem is more
difficult as the primary container stopping ac-
celeration runs as high as 50,000 g's. The
golution will probably require designs relying
on a relatively fragile looking structure aft
of the impact end and massive primary con-
tainer deformation.

The blanket heater is a 400-watt, 220-volt
electric resistance heater capable of 1, 600°F
and sized to fit the cylindrical surface of the
primary container. Similar heaters can be
purchased with temperature capabilities to
2,000°F. The electrical leads from the
heater exit the top of the fuel container assem-
bly (Fig. 9) and are routed either out the port
valve wall or up the gun barrel and out the
muzzle,

Thermai insulation is positioned all
around the primary container and blanket
heater to reduce heat loss and protect nearby
aluminum, rubber O-rings and low carbon
steel parts from the high temperatures. The
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Fig. 8 - Typical Components for a Fuel
Container Assembly:
A. Primary Container
B. Blanket Hea’er; C. Min-K
D. Transite; E. Fiberfrax

Fig. 9 - Typical Fuel Container Assembly
in Position on a Piston

Fiberfrax thermal insulation is a cotton like
substance good to 2, 000OF used to fill irregu-
larly shaped volumes around the primary con-
tainer, The transite is a pressed asbestos-
fiber based material with fair strength and
thermal insulation characteristics to a temper-
ature of 7500F or so. The transite cyiindrical
shell is used to house the remainder of the

fuel container assembly as shown in Fig. 9.




Tae spacer is shown in Fig., 10 and pro-
vides a stand off between the catch tube ard
upper bacrel flange as well as concentric
alignment between all three parts. The stand
off is required to allow firve air venting to
begin before the pistcn impacts the catch tube.
Otherwise the fire air imparts too much
energy to the reaction mass to be able to
maintain a reasonable guide can length. The
spacer is a mild steel tubula: weldment gener-
ously vented fcr passage of fire air and for
optical access by photographic equipment to
the piston and fuel contziner assembly prior
to pistonfcatch tube impact.

Fig. 10 - Muzzle End of Air Gun Barrel in
Ground Level Checkout Installation

The catch tube, shown in Fig. 11, s a 300~
pound hollow cylinder 18-inches long by 12~
inches outside diameter. The tube has a 5°
internal taper at the end which receives the
piston, The tube material is D6A-C alloy
heat treated to Rc 35. This heat treat rcsults
in '« tough material with a tensile yield
strength around 120, 000 psi and the capabili-
ty  withstanding the piston impact without
suffering permanent strain. Experience has
shown that the piston/catch tube seal can be
verified remotely by monitoring the hoop
strain at the bottom of the catch tube and as-
certaining that it attains and maintains an ex-
pected strain level, The upper end of the tube
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Fig. 1! - Catch Tube and Adap’cr Plate with
Piston Swaged into i'ube

receives the metal shear and adaptor plate,
and an O-ring seal exists between the metal
shear and catch tube. An access hole las
been machined through the wail of the catch
tube so that an air valve and smalil HEPA
fiiter can be attached as shown in Fig. 11,
This feature is provided so that after a test
the secondary container overpresstre may be
vented through the fiiter and the filter checked
for radioactivity indicating a yri...ry con-
tainer failure.

The metal shear i3 a piece of hardware
for stopping tae primary contairer in the req-
uisite time without unduly loading the con-
tainer., It is shown in Fig, 12 with three
of the metal shear bars and bar holders re-
moved for clarity. The metal shear is used
in conjunction with a cutter which 1s a disk
shaped piece of hardened 4340 steel alloy with
a cutting edge on the outer periphery. The
cutter is bonded to the metal shear with the
cutting edge in contact with the leading edges
of the mctal shear bars shown in Fig. 12.
When the primary containcer impacts the
cutter, it drives the cutter through the eight
shear bars thus stopping the container. The
fuel specimer must traverse two inches or
more inside the primary container to rrach
its impact surface, and thc shear bar
thickness is adjusted to stop the container in
less than an inch. As nuch as 2-1/2 inches
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Fig. 12 - Metal Shear Shown with Three Metal
Shear Bars and Holders;: Removed

taickness of the 1018 mild steel shecr bar
metal is sheared to stop a 3-1/%-pound con-
tainer from 606 ft/sec. The original attempt
to use this technique was to have the cutter
moving with the container, bu: it was found
that the cutter would not maintain prorer
orientation and penetrate all the shear bars
equally. This type of difficulty disappeared
when the cutter was mounted to the shear
bars. The cutter mass was minimized to re-
duce the primary container/cutter impact
severity. The metal shear fits inside the top
end of the catch tube and is attached to the
catch tube by eight 1/2-inch bolts which pick
up the bolt circle in the metal shear flange and
sandwich the flange tetween the adaptor plate
and the catch tube.

The adapter p'ate is shown bolted to the
top of the catch tube in Fig. 11 and is a one-
inch thick mild steel plate which picks up a
bolt pattern or the bottom of the reaction mass
and the bolt rattern on the top of the catch
tube. It car. be unbolted from the reaction
mass without being unbolted from the catch
tube but tne reverse is not true.

The reaction mass is a solid sieel cylinder
apprcximately 19-inches in diameter by 34-
inctes long and weighs 2, 700 pounds, It dis-
plr.ces vpwards inside the guide can and is re-
tzined at apogee by the row of spring loaded
palls that run on a 5° taper machined into the
reaction mass as siuown in Fig, 13. The
guide car: is a mild steel tube 20 inches cutside
diameter by 1/2-inch wall thickness which is
well vented for air flow and photography. The
guide can is also shown in Fig. 13. Approxi-
mately 700 psi fire pressure is required to
achieve 600 {t/sec with a 28-pound total launch
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Fig. 13 - Reaction Mass and Guide Can

weight, These conditions result in a reaction
mags displacement of 24 inches which is about
as far as you can comfortably go with existing

rdware. A quick calculation shows that the
launch mass momentum alone would result in
a reaction mass displacement of only 5-1/2
inches. The rest of the displacement is
caused by fire air expansion. To accommo-
date higher fire pressures, test velocities, or
launch weights, the reaction mass could be
significantly increased by using a more dense
material, the guide can could be lengthened,
or the spacer stand off distance could be
increased.

MISCELLLANEOUS FACILITY DETAILS

One critical facility performance charac-
teristic is to stop the primary container prior
to fuel specimen impact. The hardware con-
figuration will not allow direct cbservation of
this phenomena. it is possible to calculate at
what time the fuel impact occurs if you are
willing to make assumptions of the force-time
input to the container, but such calculations
need verification, The best verification is
provided by measurements of the metal shear
bar corapressive strain during container de-
celeration and the length of metal which is
sheared. The container stop time i$ the
same as the compressive stress duration in
the metal shear bar. The time of flight of
the fuel specimen inside the container is the
fuel specimen free flight distance inside the
container plus the shear distance required to




stop the container divided by maximum piston
velocity. A comparisoi of these two times
produces the desired v ritication.

Another question o interest is: Did the
fuel specimen impact it the proper orienta-
tion? This question is. answered by observa-
tion of the impact surface after the cortainer
has buzen opened and the fuel removed. The
indentation left in the target surface by the
fuel specimen impact can be measured to
verify orientation.

1t appears that the primary limitation of
this whole general test technique is the maxi-
mum temperature environnient that can be
provided. Af{ some high temperature the
structural integrity of the primary container
is nil and any breech of the primary contain-
ment voids any chance of performing the de-
sired fines analysis. One way of eliminating
this constraint would be to devise a facility
where only the fuel specimen is heated and
material strength at temperature thus would
not be as great & concern, Also, the impact
variable of target temperature would be
eliminated from test data. The IFIF could
be used in this manner after some modifica-
tion except that it is not located where the
handling of bare fuel specimens is permis-
gible. Such an impact scheme is possible by
using quick heat source removal and fuel
specimen multiple containment that is gener-
ated at the time of the test in a manner simi-
lar to the IFIF secondary containment.

The present test program and related
hardware requires accelerating approximate-
ly 28 pounds to a maximum of 600 ft/sec.,

The air gun is capable of accelerating 60 to
70 pounds to 600 ft/sec and the air flow char-
acteristics out of the reservoir and through
the port valve are probably good enough to
accelerate lighter weight projectiles to some-
where in the 800 to 1000 ft/sec range, This
general capability could be used to conduct
higher velocity impacts or turn-around im-
pacts where the impact target is fired into a
gtationary test item.

CHAMBER DETAILS

Considering only the hardware that has
been described so far, a simultaneous failure
of the primary and secondary containment is
possible and such an event could create a
dangerous environment. For this reason, it
was decided to operaie the vertical air gun
inside an underground sealed chamber which
would provide tertiary safety containment of
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the toxic material. Then if both the primary
and secondary containment fail, environmen-
tal health personncl would assume control of
the facility and a 1=ngthy decontamination
procedure would begin.

The resultant overall facility is shown
schematically in Figure 14, All the fire air
is dumpeqd into the chamber whenever a test
is conducted and the chamber is capable of
accepting this gas expansion. Referring to
Fig. 14, the chamber usage during a test is
nominally as follows:

1, Prepare the vertical air gun for
testing, begin heating the fuel
specimen, and close up the chamber.

2. Close the two positive seal butterfly
valves and open the bypass valve.

3. Start wne blower and verify chamber
geals.

4, Finish temperature conditioning,
pressurize the air gun reservoir and
fire the air gun thus pressurizing the
chamber to a maximum of 4.8 psi
above the initial chamber pressure.

5. Wait for the air to pass through the
bypass valve, filter system and
blower. The function of the bypass
valve is to regulate the pressure
applied to the filter system.

6. Check the filter system to verify no
radioactivity anc open the butierfly
valves to continue chamber purge
and radioactivity check.

7. Open chamber and begin vertical air
gun disassembly when tertiary con-
tainer has been verified as being freea
of toxic material.

The chamter is a 25, 000-pound cylindrical
vessel with a 12-foot internal diameter and
22-foot depth yielding a chamber volume of
approximately 2, 500 cubic feet, The chamber
walls are 3/16-thick rolled steel sheet backed
up by a 4-inch thickness of reinforced con-
crete and dirt fill. The chamber lid and
bottom are basically one inch steel plate with
generous stiffering structure added. The
chamber is shown in Fig, 15 just prior to
implantation. The lid has two access hatches,
as seen in Fig, 16. One haich is located near
the periphery and is used by personnel while
the other hatch is located in th® center of the
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Fig. 15 - Facility Chamber Prior to Fig. 16 - Chamber Lid Prior to Underground
Underground Installation Installation
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lid and used for air gun hardware assembly.
The chamber sits atop a twelve-inch thick re-
inforced concrete pad. All of the chamber
welds, ducting and ducting welds were helium
leak checked and X-rayed before being in-~
stalled underground, The 8-inch chamber
inlet and outlet ducte feed a filter system con-
sisting of a 24" x 24" x 2" FARR J-12 course
filter which is backed up by a 24" x 24" x 12"
high-efficiency particulate air (HEPA) tilter.
The sysiem will remove all particles larger
than 0.3 microne. The filters are housed in
a metal structure which provides a test hole
for radiation detection equipment, A 1, 000
cfm squirrel cage blower is used for air
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circulation. The chamter interior is equipped
with a full diameter work platfcrm at mid-
depth and spiral staircases leading to the work
platform and chamber bottom. The hemi-~
clambers partitioned off by the work platform
are individually lighted. The chamber walls
are penetrai2d by compressed air lines,
electrical power lines, instrumentation cables,
and electrical control cables. An overhead
4-ton monorail crane is provided to support
routine test agsembly and to install and re-
move all hardware inside the chamber when-
ever necessary,




A REVERBERATION CHAMBER FOR USE AT REDUCED PRESSURES

M.H. Hieken, J.N. Olson, and G.W. Oimsted
McDonnett Aircraft Company
St. Louis, Missouri

A reverbenation chamber with an internal volume of 233 cubic feet has been designed, fabricated and
evalusted. This chamber has the unique property that it can be used at absolute pressures below § psi, in
additicn to normal operstion st ambient pressure.

Design and fabrication of the chamber are described. The requirement to operate with low internal pres-
sures resulted in heavy external structural reinforcement. Steel plates form the walls, and provide both
rigidity snd low acoustic sbeorption properties. A conventional mechanical vacuum pump is used to
evacuste the chamber to the required internal pressures.

The results of evaluation tests of the chamber are presented and applications for the chamber are described.

INTRODUCTION Satisfactory acoustic performance of a reverberation
chamber { 1] depends upon the chamber having low absorp-

Long duration space missions planned for this cecade will tion throughout the frequency range of interest. The term

demand greatly improved levels of crew comfort. An im- “absorption* is used here in the usual sense,

portant aspect of crew comfort is ambient noise level. Noise

generated by electromechanical equipment such us fans and a=al m

blowers may be perfectly acceptable in our earth environ-

ment, but this same necise might be unacceptable in a space- where a is the absorption of the chamber, in sq ft,

cratt where there is an absence of the usual background S is the exposed area in the chamber, and

noises. A logical step toward reducing noise levels is the meas- a is the absorption coefficient of the

urement of acoustic power radiated by such potentially exposed area.

noisy. equipmen.t. After an acoustic source has been char- The use of Equation (1) in the form shown implies that

acterized, expe nmefns Gl be performed '9 evaluate pro- the entirc internal surface has the same absorption coefficient.

posed sound reduction materials and techniques. The absorption coefficient q is the fraction of acoustic power
The General Engineering Division Laboratories of the that is lost to a surfacc as a result of sound impinging on that

McDonnell Aircraft Company (MCAIR) recently designed surfacc. Low values of o are associated with surfaces that

and placed in operation a 283-cubic-foot reverberation combine high rigidity with low porosity. Accordingly, rever-

chamber in which to measure sound power levels and to beration chamber walls are commonly made from smoothly

evaluate sound attenuating systems. A urique property of finished concrete or steel plate. Steel was selected for the

the chamber is that it can be used at pressures from below chamber because it combines a hard, non-porous surface with

5 psia to 14.7 psia (ambient pressure). ease of fabrication and relatively low cost.

A reverberation chamber must also provide a diffuse sound
field. Such a ficld is characterized by uniform sound energy
DESIGN AND FABRICATION density, and hy all directions of propagation being equally
probable. To achievc the diffuse field, an irregularly shaped
chamber was chosen. The chamber is pentagonal in shape,
with a door at onc cnd and a pentagonal pyranid at the

The basic design of the reverberation chamber took into
consideration a number of factors:

® Acoustic performance other cnd. This irregular shape provides a more uniform dis-
o Operation at reduced pressures tribution of modal density throughout the frequency band
o Size than is possible in a chamber with more regular walls. An

o Cost overall view of the chamber is shown in Figure 1.
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Fig. 1 283 cu tt Reverberation Chember

Fig. 2 Structural Details of the Chamber
The requi~ment w0 operate the chamber at internal pres-

suses betow § pais was the critival structural design factor.
Since the ultimate pressure . ¢ which the chamber may have
to be operated was not known, the structural design was 120
based on a total vacuum inside the chamber. or a differ- 84 21
ential pressure (external minus internal),of 14.7 psi, The
Vzmch-thick steel plates forming the <ides of the pentagonal
sweclion were theretore reinforeed by a series of external
pentagonal trames, cach made frem “i-inch wall. 4-inch- ry
square steel tubing. One trame is located at cach ead o the
chamber. and four frames are equally spaced between the
ends. The pentagonal pyramid end is similarly reinforcod
with a frame near the vertex. In addition, 4-inch channels

are welded along the edges of the pyr:mid, and squate tubing
is lecated on the center of each side ot this section. Details
of the chamber structuse are shown in Figure 3.

Reverberation Chamber Volume - 283 cu ft
The overall chamber size was determined from several

k ! / A Internal Surface Area - 252cuft
vorsiderations [ 2]. First, the anticipated sound pressure All Other Dimensions in Inches
levels that would be produced in the chamber by relatvely \ 87 |

quiet equipment should be sufficiont to permit measuremne:nt r
with conventional microphones. However. the low frequency
performance of the chamber depends on the total intecaal
volume of the chamber, with larger volumes providiag ex-
tended low trequency range. Another factor was a structural
constraint resulting from the low-pr wure 27eration reguire-
ment; the decision to use that sides for the chamber im- 83
plied that the chamber size should be kept to a minimum. O
Finally, the cost factor was important. A substantial saving

was eltected by designing into ihe chamber an existing 4-toot-
square door assembly Trom an obsolete vacnum chamber.

The linal chamber design provided an intemal volume ot 283
cubic feet, with an internal surtace ares of 282 square feet
The chamber dimensions are shown in Figure 3. Fig. 3 Chamber Internal Dimensions

48 x 48
Door

), ——
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Fabrication costs of the chainber were minimized by using
loos: dimensional tolerances wherever possible. The ianer
pentagonal section was assembled from fit ¢ identical rec-
tangular plates, with virtually no tooling requived. The pen-

tagonal pyramid end was made separstely . using five triangular-

shaped sections. The end section required only minimal tool-
ing, that being a pentagonal outline to insure that the end
would properly mate with the fivesided center section. The
door-end of tae chamher was then built up on the irain
chamber section and the existing door frame was welded
into place, All joints that formed parst of the inner chamber
were made with full penetration welds and were dye-penc-
trant inspected to insurc that there were 110 cracks or voids
i the welds.

After the chamber was fabricated, the inaer surfaces were
cleanad with disc grinders. Zine chromaie primer was applicd
t3 the inner walls, and finish coats of white epoxy enamel
were applied.

A 10-inch vieving pert existed in the 4-foot door used on
the chamber. This por. was retained. but the frame for the
port was miodified by making it hinged to swing outward.
Light springs are normally used to keep the port closed. and.
when the chamber is evacuated. external pressure keeps the
port tightly sealed. However. if the chamber were accidentally
pressurized. the port would open, acling as a pressure relief
valve.

EVALUATION OF THF CHAMBER

Atter the chamber fabrication was completed. the chamber
was moved to its present location in the MCAIR Acoustics
Laboratory Control Room for evaluation tests. This area has
an acceptably low ambicnt noise level. and the acoustic in-
strunientation needed for operation of the chamber was
already located there,

Ambient Noise Level — A check of the ambient sound
pressure level {(SPL) in the reverberation chamber was made.
A low ambient SPL is essential if an adequate signal-to-noise
ratio is to be achieved when measuring sound radiated from
test specimens. The overall ambient SPL at 14.7 psi was
measured and found to be 43.8 dB. with a frequency distribu-
tion as shown in Figure 4 .

Vacuum Opemstion — A 50 CFM mechanical vacuum
pump has proven adequate to cvacuate the chamber. The
vacuum pumping arrangemen? is shown in Figure 5. The
chamber can be evacuated to S psia in slightly over 6 min-
utes. as plotted in Figure 6. Because of the noise gencrated
by the vacuum pump, the pump is turned off and the
chamber sealed when noise measuremeris are made. Chamber
pressure can be maintained at § psia lor long periods, as
indicated by Figure 7. Ample time is available, with the pump
off. to conduct tests. The absolute minimum pressure to
which the chamber can be evacuated has not been established
experimentally. since no test reqnirements below § psia have
yet been enconntered, However, the door seals and the in-
tegrity of the welds indicate that the chamber could be evac-
mned to less than 1 psia using only the presently installed
mechanical pump.
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Acoustic Calibeation of Chamber — Measurement of the
absorption coefficient of the chamber at ambient pressure
was made by conventional methods | 3. A warble tone.
centered on each of the preferred octave band center fre-
quewcies, was introduced into the chamber and then abrupt-
ly stopped. Decay of the sound pressure level in the octave
band was recorded, a:d the reverberation time was deter-
mined by observing the time required for the level to decay
o) dB. The absorption coefficient o was calculated from e
Sabine ¢quation.

)

where Vs the chamber volume in cu 11,
S is the chamber internal area in sq fi.
and T is the measured reverberation time. in seconds.

This procedure was repeated at each octave band within
the frequency range of interest.

The derivation of Equation (2) depends only on the
geometric propertiss of the chamber and the velocity of
sound in the chamber. Therefore. in order to apply Equa-
tion (2) for the case in which internal pressure is reduced.
only the change in the velocity of sound was considered.
The velocity of sound can be determined from the solution
to the wave equation and the e::pression tor the density of
a gas in terms of absolute temperature and pressure. The re-
sulting expression for air |4) is

c= 1087/T+1/373 3

where ¢ is the velocity of sound in feet per second, and
t is the temperature in degrees Centigrade.

The temperature of the air in the reverberation chamber
stabilizes at approximately ambient temperature (20°C) for
all pressure conditions. Even il the temperature changed as
much as £ 10°C, the change in sound velocity would be on
the order of 1 percent, Therefore, Equation (2) was used
without modification to evaluate the absorption cocf(i-
vients at reduced pressure, Figure 8 shows the values of ab-
sorption cocfficient for cach octave band, based on meas-
ured reverberation times.

Uniformity of Sound Field — The unilormity of the
sound ficld in the chamber was also measured. For this pur-
"0se., 2 microphone was mounted on a rail inside the cham-
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Fig. 8 Absorption Coefficients of Chamber

ber, three feet above the floor. The chamber was driven

with a random noise source at 3 sound pressure level of

120 dB. An octave band analysis of the signal is plotted in
Figure 9. With the chamber closed, the microphone was
slowly moved across an |8-inch span of the rail, and the

SPL variations were recurded as shown in Figurel 0, The vari-
ation in overall SPL is small, and well within the tolerances
of a typical test specification such as MIL-STD-810B, Method
5151 158).

The field uniformity was briefly checked with other
types of chamber e¢xcitation, ranging from pure sinusoidal
tones to nairow-band random signals. As expected, the
spatia! variation of SPL was very pronounced for pure
tones, and present to a lesser degree for narrow band random
signals. Several investigators have recently reported on the
problem of measuring the sound energy in chambers of this
type 16,7,8]. A closely related difficulty is that of establish-
ing criteria for the sound ficlds in reverberation chambers,
Evaluation tests conducted in the present chamber were not
addressed to these basic problems, but they point out the
need for additional analytical and experimental work.

APPLICATIONS

The reverberation chamber has proved its value in the
measurement of ucoustic power radiated from electromechan-
ical devices. Evaluation tests of sound absorbing materials
have also been conducted in the chamber. Potential uses of
the facility include conducting psychological and physiologi-
cal tests, and using the chamber for high intensity acoustic
environment tests.

Noise Measure:nents — For measuring the acoustic power
radiated from clectromechanical equipment, the test specimen
is suspended within the chamber, Power is supplied to it
through an clectrical pass-through built into the chamber. A
microphone placed in the chamber detects the acoustic radia-
tion (rom the specimen, The output of the microphone is
tiltered with cither 1/3 octave or full octave filters and the
filtered outputs are recorded for cach frequency band of
interest, The radiated acoustic power in cach frequency band
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is then calculated [9] from

2
w=u£(_'_) @
4 Pof

where W is the radiated acoustic power, in watts
p2 is the measured mean-square pressure
5 is the surface area of the chamber
o is the sound absorption coefficient
and  pqc is the characteristic impedance of the aiy
in the chamber.

The sound power level (PWL) in dB is obtained from

W
PWL = lOLog<'W—> (53
o

where W0 may be cithsr of the generally accepted refer-
ence power levels, 10-42 0r 16713 watts 110}.

The same experimental procedure is used at reduced
chamber pressures. In computing the power levels, however,
Equation (4) is vorrected for the value of characteristic im-
pedance at the absolute pressure in the chamber, Typical
measurements of sound power levels at ambient pressure and
at S psiat are shown in Figure 11,

21i
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Fig. 11 Sound Fower levels of a Typical Small Fan

Measurement of Absorption Coefficients — The MCAIR
“scoustics Laboratory includes a conventional standing wave
apparatus that is used to measare the normal acoustic absorp-
tion cocfTicient of sound-absorbing materials. This device is
designed to be used at ambient pressures. 1 sound absorbing
materials are proposcd for use at lower pressures, it is of
interest to determine the change in absorption coefficients
at those reduced pressures. The reverberation chainber has
been found to be satisfactory for this purpose. The absorp-
tion of the chamber walls is sufficicntly low that a specimen
of relatively sinail area can be used in the chamber. A smal}
spe<imen will not g troy the diffuse field in the chamber,
yet it will provide a readily measurable change in the rever-
beration time, compared with the empty chamber,

In studying the variations of absorption coefficients with
pressurc, the materizl sample is introduced into the chamber
and the reverberation times are measurcd as described above.
Values of a can be calculated by several methods {11]. An
example of tie variation of a with pressure is shown in
Figure 12. This data was obtained for a pair of [6-inch by
25-inch samples of a compacted woven-wire mesh material,
backed by a 2-inch layer of spun fiberglass. The normalized
absorption coefficients were obtained by selecting the
maximum calculated value of a, and dividing all other values
by this maximum value.

Psychological and Physiological Tests — The chamber has
not yet been used for tests with human subjects, although it
is considered to be suitable for such tests. Conventional loud-
speakers have been used to produce sound pressure levels in
excess of 125 dB in the chamber, with full control over the
frequency spectrum. The ease with which the sound field
in the chamber can be controlli:d suggests that the chamber
could be used for speech intelligibility tests in the prescnéc
of high ambient noise backgrounds. Again, the low pressure
~upability would permit such tests to be conducted at pres-
sures simulating those in an aircraft or spacecraft cabin,

High Intensity Acoustic Environment Tests — It is antici-
pated that the reverberation chamber will eventually be used
for conducting high intensity noise tests, For this purpose,
it is planned to install an outer shell on top of the 4-inch




sjuare tubes, and to pack sand in the space between G to the room in which the chamber is located. Acoustic power

chamber wall and (he vuter shell. The packed sand would could be provided by air stream modulators. For this pur-
add nusss. provide additional damping Cor the chamber walls, pose, the existing four-foot-square door could be replaced
and increase the transmission Joss Crom inside the chamber by a special adapter to hold the bom from the acoustic
source., Anticipatcd sound pressure levels in the chamber
14 00 for available sound power in each octave band are plotted in
Figure 13. These curves are based on the measured absorp-
tion cocflicient for vach frequency band. but do not take

€ 480 into account she losses that woubd result from reptacement

} i - w of the door section with the acoustic source, or additional
= losses through the walls at high sound pressure levels.

L

5 060

s O 14.7 PSIA SUMMARY AND CONCLUSIONS

§ 8, 50PSIA The 283-cubic-foot reverberatior: chamber has satisfactory

1 g W acoustical characteristics. In addition, the chamber has the

&) unique property that it can be used at pressures from below

E S psia to atmospheric pressure.

2 02 The chamber has been used for measuring noise radiated
from electromechanical equipment, and for studying the
acoustic absorption properties of materials,

Ol l, Ao bbb The design, fabrication, and evaluation ol this chamber
160 250 400 630 1000 1600 2500 4000 6300 have indicated the need for further study in predicting the
200 315 500 600 1250 2000 3150 000 behavior of isregularly-shaped chambers of this type. In
1/3-Octave Band Center Frequency (Hz) addition. more work should be done on experimental evalua-
Fig. 12 Absorption Coefficient Variations tion uf reverberation chambers,
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DESIGN OF AN OFF-ROAD VEHICLE
MOTION SIMULATGR

Nelson M. Isada
Cornell Aeronautical Laboratory, Inz. and

State University of

New York at Buffalo

Buffalo, New York

and

Robert C. Sugarman, and E. Dcnrald Sussman
Cornell Aeronautical Laboratory, Inc.

Buffalo,

New York

model,

An off-road vehicle motion simulator was designed which is suitable
for man-in-the-loop off-road mobility research. One result of this
study is the establishment of design specifications for two motion
simulator concepts with three degrees of freedom (roll, pitch, and
throw). One concept has a short throw ( 16 inches) and the other

a long throw { t24 inches). The feasibility of the short-throw con-
cept was demonstrated by the construction and testing of a working

INTRODUCTION

In developing techniques fcr analyzing off-
road mobility problems related to driver-vehicle
systems, it has been found desirable and neces-
sary to use an off-road driving simulation
facility, such as shown in Fig. 1, to conduct
man-in-the-loop human factors research.
Because of the unusual characteristics of an off-
road environment, no commercial equipment is
available to meet this need. Therefore, a study*
was initiated consisting of two parallel programs,
namely, (1) definition and development of a
visual simulator, and (2) de=ign and development
of a motion simulator. This paper discusses
the progress of the motion simulator program.
This program consisted of: (1) conceptual design
and development of technical specifications of a
short-throw ( - 6 inches) motion simulator; (2)
conceptual design and development of technical
specifications of a long-throw ( ¥ 24 inches)
motion simulator; and, (3) selection of a concept
and fabrication of a working scale model. Both
of the foregoing concepts provide for a maximum
roll amplitude of ¥ 30° and a maximum pitch
amplitude of Y 45¢, Each of the concepts is
electro-hydraulically powered and controlled.

% "Olf-Road Driving Simulation: Design for a
Moving-Base Simulator,' by R, C, Sugarman,
N, M, Isada, and E, D, Sussman, CAL No.
vJI-2330-G-57, Cornell Aeronautical Labora-
tory, Inc., Buffalo, N.Y, 1969,

More detailed descriptions of the two motion
simulator concepts and the results of tests on
the small-scale mode! of the short-throw con-
cept will now be given.

SHORT-THROW DESIGN DETAILS

In this design, the crew station is placed on
top of a movable platform, as shown in Fig. 2.
The platform has ireedom to move in the pitch
and roll modes. The crew station moves in the
throw direction relative to the platform in order
to reduce the payload. In this concept, vne
should note that throw, er z-axis motion, is perpen=-
dicular to the platform and has a maximum
amplitade of I 6 inches.

The selection of the motion specifications
were dictated by human tolerance limits and
vehicle motions. Hydraulic power requirements
and specifications for the mechanical driving
components (cylinders) were determined based
on the motion requirements. The results of
these calculations are shown in Table 1. It may
be noted that the motion specifications consist
of a long-duration sinusoidal motion and a tran-
sient (short-duration) motion such as caused by
a bump, boulder, or chuck hole. These two
motions are assumed to peak at the same time,
hence, are added to yield the total motion. Note
further that the total design weight is 2, 000 1bs.
(1,000 1bs. for the crew station and !, 000 lbs,
for the platform). This design weight willrequire
a hydraulic flow rate of 150 gpm (gallons per
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Table 1

MNOTION SPECIFICATIONS, HYDRAULIC POWER REQUIREMENTS, AND

MECHANICAL SPECIFICATIONS FOR A "SHORT THROW" (26 IN.)
MOTION SIMULATOR

SLowW
SINUSOI DAL | TRANSIENT
PARAMETERS MOTION NOTION | TOTAL
1. BOUNCE (WEIGHT = 1000 1bs) |
MAXIMUM DISPLACEMENT, ft 0.5 0.5
MAXIMUM VELOCITY, ft/sec 3.2 5.2 8.4
MAXIMUM ACCELERATION, g's 0.6 %.0 .6
FREQUENCY, Kz 1.0
SUPPLY PRESSURE, psi 3,000
NET PRESSURE, psi 2,000
NET AREA, sq. in. 2.3
FLOW RATE, gpm 60.2
CYLINDER STROKE, ft 1.0
2. PITCH (WEIGHT = 2000 1bs,
LENGTH = 8 ft, INERTIA = 332 1b-ft-sec?)
MAXIMUM DISPLACEMENT, deg 45 tys
MAXIMUM VELOCITY, deg/sec 14 100 24
MAXIMUM ACCELERATION, deg/sec? (TE) 1,200 1,643
FREQUENCY, Kz 0.5
SUPPLY PRESSURE, psi 3,000
NET PRESSURE, psi 2,000
TORQUE ARM, ft 1.0
CYLINDER NET AREA, 3q. in. .76
FLOW RATE, gpm 62.5
CYLINDER STROKE, ft 2.0
3. ROLL (WEIGHT = 2000 ibs,
LENGTH = § ft, INERTIA = 130 1b-ft-sec?)
MAXIMUM DISPLACEMENT, deg 30 130
MAXIMUM VELOCITY, deg/sec 92 100 192
MAXIMUM ACCELERATION, deg/sec? 300 1,800 | 2,100
FREQUENCY, Hz 0.5
SUPPLY PRESSURE, psi 3,000
NET PRESSURE, psi 2,000
TORQUE ARM, ft 1.0
CYLINDER NET AREA, sq. in. 2.38
FLOW RATE, gpm 25.0
CYLINDER STROKE, 1t 2.0
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minute) at a supply pressure of 3000 psi.

The following description refers to Fig. 2.
The motion piatform is driven in roll by a single
cylinder and in pitch by a single cylinder. Twe,
bounce cylinders are connected ta the pitch-ro'i
frame to drive the floating crew station in the
» direction, The pitch beam is supported by two
bearings, two bearing blocks and a support
structure. It shozld be noted that the bounce
guides and bounce cylinder supports are made
as low as possible so as to lower the center of
mass of the system. This will prcvide better
stability than has been achieved in a working
scale model of this design, which tended to be
top heavy.

The pitch-roll frame is designed to he made
of six-inch aluminum box sectione with overall
dimensions of 42" x $6". The two pitch bearings
and the two roll bearings are each three inches
in diameter.

LONG-THROW DESIGN DETAILS

The design for the long-throw platform
was pursued ir order to determine if we could
simulate the niotions of the center of gravity of
a vehicle going over a large bump, as well as
the bounce introduced by the suspension system.
It is unlikely that the throw of the short-throw
design could be extended beyond 1 9 inches,

The design in Fig. 3 provides a bounce amplitude
of 12,0 feet at 0° pitch and $1.0 feet at
1 45° pitch.

As compared to the long-throw design, the
short-throw bounce movements are better suited
to simulating the suspension system, since the
motion is always perpendicular to the floor of
the crew station. The throw motions of the
long-throw design are always in the direction of
the true vertical and have a lower frequency
response.

The mechanical concepts employed here
were to: (1) drive a platform differentiaily by
means of two hydraulic cylinders to provide
vertical (bounce) and pitch motions simultanc-
ously, and (2) use a rotary hydraalic actuator
to drive a frame in the roll mode. In this design
the crew station would be attached directly to
the roll frame., Table 2 licts the design spec-
ifications for the long-throw simulator.

As previously mentioned, the linear z-axis
motion is always vertical in this design, whereas
the analogous motion in the short-throw concept
1s always perpendicular to the roll-pitch frame.
Other differences between the long-throw and
short-throw designs are as follows:

1. For the long~throw design, the maxi-
mum throw varies with the pitch;
i.e., at 0° pitch the maximum throw
is two feet, while at 45° pitch, the
throw is restricted to one foot, Max-
imum throw is independent of roll and
pitch in the short-throw design,

O PP T e e e e R M ¢ e e e

2, Because twi~e the mmass (2,000 lbs.)
murt be moved in the bounce mode for
the long-throw design, ihe flow rate
for this riode is increased to 120, 7
gpm, 28 compared to 60. 2 gpm for the
ehori-throw design in which the mass
wxs only 1, 000 1bs.

3, The cylinder stroke is four feet for
the long-throw design. demanding
more stringent structural requirements.

4, The iong-throw design uses a rotary
acuatator for the roll mode.

The following descriptions refer to Fig. 3.
Two cylinders are used to drive the pitch-bounce
frame dJdifferentially to achieve pitch and bounce
movements. The pitch-bounce platform is made
stable by a center support structure and a mov-
able (but unpowered) guide., A rotary actuator
mounted on top of the pitch-bounce platform
drives the roll frame which is constructed of
eight-inch aluminum pipe or box. The rotary
actuator is attached to the roll frame by means
of a 2-1/4 in, steel shaft supported by four
pillow block bearings.

CONCEPT CHOICE AND WORKING SCALE
MODEL

After comparing the two motion platform
alternatives, the short-throw design was
selected as the primary candidate for the motion
platform. This selection was made for two
reasons, First, the power requirements and
structural demands are more severe for the
long-throw design than they are for the short-
throw. Second, what little evidence is available
indicates that the lower amplitude, higher
frequencies of the short-throw design are more
efficacious in combination with pitch, roll, and
visual cues in achieving a satisfactory vehicle
"ride" simulation,

A one-third scals model of the selected
design was constructed with the following
objectives:

1. to determine the feasibility of the
design concept;

2, to identify additional factors that must
be considered in the full-scale
version; and,

3. to experiment with safety concepts.

The successful operation of the model,
with and without a human rider, supports the
choice of the design concepts in this program.
Preliminary studies with a motion picture
camera mounted in the driver's position lends
further support to the efficacy of the design,

The initial calculations for the model were
based on a somewhat simplifiea design concept
in order to make the equations of motion more
manageable, It was anticipated, therefore,
that certain factors requiring design modifica-
tions would not become apparent until the working
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Table 2

SPECIFICATIONS AND POWER REQUIRENENTS FOR A
"LONG THROW® (+2% (N,) MOTION SIMULATOR

sLow
SINUSOIDAL | TRANSIENT
PARMETERS NOTION M
e
1. BOUNCE (WEIGNT = 1,200 1bs,.
ACCESSORIES = 800 1bs)
MAXINUM DI SPLACEMENT, ft 3.0 2.0
MAXINUM VELOCITY, ft/sec 3.2 5.2 8.4
MAXINUM ACCELERATION, g's 0.6 3.0 3.6
FREQUENSY, Nz 0.25
MAXIMUM FORCE, ib (TWO CYLINDERS) 9,200
SUPPLY PRESSURE, psi 3,000
NET PRESSURE, psi 2,000
NET CYLINDER AREA, sq. in. (TW0 CYLINDERS) .60
FLOW RATE, gpm 120.7
CYLINDER STROKE, ft 5.0
2. PITCH (WEIGHT = 1,200 Ibs,
LENGTH = 8 ft, INERTIA = 200 1b-ft-sec?)
NAXIMUM DISPLACEMENT, deg s *us
MAXIHUM VELOCITY, deg/sec 1LY 100 2%
NAXIMUM ACCELERATION, deg/sec? s 1,200 1,688
FREQUENCY, Uz 0.5
MAXIMUM TORQUE, 1b/ft 5,720
TORQUE ARM, ft 1.0
MAXIMU FORCE, Ib (TWO CYLINDERS) 5,720
SUPPLY PRESSURE, psi 3,000
NET PRESSURE, psi 2,000
CYLINDER WET AREA, sq. in. (TWO CYLINDERS) 2.86
FLOW RATE, gpm 75.0
CYLINDER STROKE, ft 5.0
3. ROLL (WEIGHT = 1,200 lbs,
LENGTH = § ft, IMERTIA = 78 Ib-ft-sec?)
MAXIMUM DISPLACEMENT, deg t30 +30
MAXIMM VELOCITY, deg/sec 92 100 192
MAXINUM ACCELERATION, deg/sec? 300 1,800 2,100
FREQUENCY, Hz 0.5
MAXINUM TORQUE, 1b/ft 3,000
SUPPLY PRESSURE, psi 3,000
NET PRESSURE 2,000
TORQUE FACTOR, in.3/rad 2.9
FLOW RATE, gpm 21.7
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model was stud’ed. One such factor, top heav-
iness in the mode! when the kydraulic power was

oif, indicated that changes in the full-scale
design were required to lower the center of mass
of the simulator. These changes cun be effected
by lowering the crew station, through the use of
stepped {loor frame, lower guides, and lower
cylinder supports and brackets. A second factos
requiring design modificatior, as determined
from: studyinz the model, was shaft stress. The
stresses in the moidel shafts were greater than
those calculated from the simplified equations

of motion. In light of this experience with the
model, larger shafts have been recommended.

Springs were added to the mechanical stons
of the mnodel in order to cushion the sheck of
sudden failure of the electrical control. One
set of springs was installed for each of the
three modes of motion. An over-travel limit
switch for each mode, similar to the unes used
in electo-dynamic shakers, is deemednecessary
ir 2 full-scale version on the basis of experience
with the model.

Although the scale model motion platform
was not built to meet the specifications for the

222

dyramics of the full-scale design, the model
could be upgraded with some simple modifica-
tions for saie usz by humans. A useful tool
would then be availabile to carry ocut the pre-
viously mentioned studies which would define
the vision-motion cue comblinations required
for realistic simulation. It is not until such
studies are carried out that simulator design
can become systematic.

CONCLUSIONS

Because of the successful tests made on the
one-third scale model of the short-throw motion
simulator concept, it can be concluded that a
full-scale version when constructed would have
a high probability of success. However, it is
not recommended that a full-scale version of
the long-throw concept be built until a small-
scale version is fabricated and tested.
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AN AERIAL CABLE TEST FACILITY
USING ROCKET POWER*

C. G, Coalson
Sandia Laborvatoria2s
Albugquerque, New Mexico

Sandia Laboratories, Albuquerque, New Mexico has recently
developed an Aerial Cable Test Facility which is being used
to duplicate many types of air drops. The two basic com-
ponents of the facility are: an aerial cable stretched between
two mountain peaks, and a rocket powered sled track on the
valley floor. A test vehicle, attached to a carriage on the
aerial cable, is cut loose and accelerated downward via two
wire rope towlines (affixed to the test vehicle) which pass
through two underground wire rope tunnels and hence to the
rocket sled. Impact velocities approaching 1000 ft/sec

{with 200 b test vehicle) can be achieved. The test facility
is in a remote area and tests involving large quantities of

high explosives can Le conducted in complete safety.

Sandia Laboratories has recently de-
veloped an Aerial Cable Test Facility using a
novel--and perhaps heretofore never used- -
applicstion of r--*et power. Rockets are used
to pull a test vehicle {via two wire rope towing
lines) into its target with impact velocities
approaching 1000 ft/sec. Typically this system
duplicates an air drop. The wire rope towing
lines can be separated frcm the test vehicle at
a suitable time or position above the target
leaving the test vehicle free of extraneous
hardware when it strikes target. A pictorial
description of the Test Facility is presented
in Figure L.

The aerial cable incorporates suitable
apparatus for hoisting, translating, and posi-
tioning the test vehicle for the desired flight
trajectory and velocity. Test vehicles are
accelerated in the 25g to 40g range via the
towing lines attached to the rocket sled assem-
bly. Target media typically have been con-
crete, dirt, or water. The test facility is
in a remote mountain/canyon area and tests
involving large amounts of explosives can be
conducted in complete safety.

*This work was supported by the United States
Atomic Energy Commission,

Test vehicles can be delivered to within
inches of a pre-selected target. With such
accuracy it is now possible, with standard
photometrics instrumentation, to racord with
unsurpassed clarity and great detail the im-
pact and/or detonation of the teut vehicle un
target. An overhead camera siation (on a
separate aerial cable) provides an aerial view
of impact/detonation events that is really
superb. In addition to photometrics instru-
mentation the target zone can be instrumented
with impact sensors, pressure transducers,
etc.

One of the greatest difficulties associat-
ed with air drops perhaps has been the diffi-
culty of delivering the test vehicle sufficiently
close to the instrumented target zone and con-
sequently data acquisition has been somewhat
difficult and costly. Tests conducted at the
Aerial Cable can in many applications almost
duplicate--rather than simulate--an air drop
and do so at about one-tenth the cost while
data acquisition can be assured.

The foregoing has been a brief and
simple description of the Cable Facility. The
objective of this paper is not to delve into
details of the facilily but more importantly




to illustrate the capability, potential. and gen-
eral mode of operation. [t is believed the
Erngineering Community - -knowing the basic
pliysical and operating parameters of the
facility - -can determine if the facility could
meet their testing requirements even though
such testing might be a significant departure
from the 'standard' pulldown test described
herein.

—— AERIAL CAMERAS

Presented in Figure 2 is a Velocity vs
Weight performance curve and shown in
Table I are bhasic specifications of the Aerial
Cable Facility as currently applicable.

e =

= TEST VEHICLE
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\
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Fig. 1 - Basic test arrangement
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Fig. 2 - Impact velocity vs weight of test vehicle

TABLE I
Basic Specifications of Aerial Cable Facility

Main span, unsupportedlength. . . . . . ... ... ............... 5000
Main span, wire size, dia.. . . . . . . .. .. .. .. e et e e e e 1-3/81in,
Maximum height abovetestpad . . . . . ... . ... ... ........... 600ft
Maximum live load supported at 600 ft height . . ... ... .......... 3,0000b
Maximum live load supported at 300 ft height . ... . ... s e e e e e e e e. 12,0000
Maximum live load supported at 100ft height . ... ... ........... 20,0001
Elevationoftestpad . . . . .. ... ... D O Moo 06O Q000000 00 . . 6,350ft
Elevationof east support. . . . . . . v v c v v v i 4 e e 0 e e .. e e e e .. 1,400 1t
Elevation of west support . . . .. ... ... 50000DO0 0 G s e e e s e e .. 1,000ft
Rocket sled track, length . .. .. ... ........ e e e e e e .. ... 6631t
Track, twin raii, std. railway. . . ... ... ... B 1 L YA'Z
Track gauge (center-to-center) . . . . . . . . ... . ¢ v oo o. 500000 0 26-5/16 in.
Track, grade, from horizontal . . . . . . . . ¢ . ¢ ¢ vt i i i v o v v v v e w + 10 deg.

DISCUSSION

ropes are still attached—and that is no detriment-
we leave them on because it simplifies the setup, In
that case as the bomb approaches the nozzles the
wire ropes begin to make a divergent spread and
then they are cut right outside the nozzles, just by
the sharp bend that they have to make, So that is a
satisfactory means of severing the wire rope,

Mr, Schell (Shock and Vibration Information

Center): Is the bomb free at the impact point, or are
the towing lines still attached?

Mr, Coalson: We can do either, We can sever
the wire rope just prior to impact or if the wire
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